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FOREWORD
The work d e sc rib ed  in  th i s  d i s s e r ta t io n  i s  n e i th e r  ground 
b reak in g  nor e a r th  sh ak in g , i t  m erely  re p re s e n ts  th e  e f fo r ts  o f  a  
man w ith  lim ite d  i n t e l l e c t  and a b i l i t y  to  so lv e  a problem which 
s o re ly  needs a  s o lu t io n .  There a re  no p re te n s io n s  towards 
d isse m in a tin g  some fundam ental s c i e n t i f i c  t r u t h .  Based on a  new 
r e a c t io n ,  a new a n a ly t ic a l  method has  been developed to  determ ine 
aqueous and a irb o rn e  s u l f a t e  a t  le v e ls  no t c o n v e n ie n tly  de te rm in ab le  
p re v io u s ly  and a  few new compounds have been sy n th es ized  and 
c h a ra c te r iz e d . As th e  computer s c i e n t i s t  would s a y , th e  program i s  
d i f f e r e n t  and b e t t e r ,  b u t n e i th e r  th e  hardware n o r th e  language 
i s  new.
The scope o f  t h i s  work i s  a lm ost e n t i r e ly  env ironm enta l. 
Environm ental chem istry  i s  a  r e l a t iv e ly  new s u b je c t ,  a t  l e a s t  as 
f a r  as most chem ists  a re  concerned , and th is  a u th o r  has had to  
ed u ca te  h im se lf  on t h i s  su b je c t la rg e ly  on h is  own. The study o f  
th e  environm ent i s  m u lt i - f a c e te d ;  ph y sics  o f  th e  atm osphere, 
chem istry  o f t r a c e  su b stan ces in  o u r  a i r  and w a te r ,  tox ico logy  a t  
t r a c e  l e v e l s , h e a l th  r e la te d  ep id em io lo g ica l s tu d ie s  - th ese  
s u b je c ts  a re  a l l  in t im a te ly  r e la te d .  In  th e  c o n ce rted  e f f o r t  th e  
c h e m is t 's  r o le  i s  n o t any le s s  im p o rtan t than  th a t  o f  anyone e l s e .
A f te r  a l l  th e  supreme harmony i s  in  com plete in te rd ep en d en ce .
A g re a t  amount o f tim e and e f f o r t  has  been sp en t to  p repare th e  
f i r s t  p a r t  o f  th e  d i s s e r ta t io n  in  which th e  n a tu re  o f  the problem  
i s  d e sc r ib e d . E x ten s iv e  re fe re n c e s  th a t  cover a l l  th e  s a l i e n t  
p o in ts  have been g iv en ; some h i s t o r i c a l  re fe re n c e s  have been g iven
iv
alo n g  w ith  th e  s c ie n t i f i c  ones b u t th e  l i s t  o f re fe re n c e s  Is  no t 
an ex h au s tiv e  one excep t In  C hapter V, where every e f f o r t  has 
been made to  cover In  u n d erstan d ab le  d e t a i l ,  a l l  th e  methods th a t  
a re  c u r re n tly  used to  determ ine a irb o rn e  s u l f u r ic  a c id  and 
s u l f a t e s .  At th e  end of th e  re fe re n c e  s e c t io n  a b a r  graph d e p ic ts  
th e  frequency  o f th e  l i t e r a t u r e  c i te d  in  t h i s  d i s s e r ta t i o n  v s . 
th e  y e a r  o f  p u b l ic a t io n ;  i f  i t  does n o th in g  e l s e ,  t h i s  would 
se rv e  to  in d ic a te  m ankind 's in c re a s in g  i n t e r e s t  in  th e  sc ie n ce  of 
th e  environm ent.
The e f f o r t  to  w r ite  such a d e ta i le d  in tro d u c to ry  p a r t  stems 
sim ply from th e  f e e l in g  t h a t  a t  th e  p re se n t tim e i f  th e r e  i s  any 
purpose in  w ritin g  d i s s e r ta t io n s  beyond b in d in g  an id e n t ic a l  copy 
o f  th e  m an u sc rip t/s  se n t to  jo u rn a ls  betw een some o th e r  typed  s h e e ts ,  
i t  must j u s t i f y  i t s e l f .  T h is f e e l in g  does n o t imply th a t  th e  
ex p erim en ta l s e c t io n  does n o t ta k e  p reced en ce . This i s  a  d i s s e r ta ­
t io n  in  a n a ly t ic a l  ch em istry . And ch em istry  i s  an ex p erim en ta l 
s c ie n c e .
The au th o r w ishes to  acknowledge th e  man who made him t r u ly  
un d erstan d  th a t  chem istry  i s  s t i l l  an experim en tal s c ie n c e . To 
p a rap h rase  Dylan, th e  au th o r g r a te f u l ly  acknowledges th e  very  humane 
s c i e n t i s t  P h i l ip  W. West because —-  "He s a id ,  I ' l l  g ive  you a 
s h e l t e r  from th e  s to rm ."  He gave th e  a u th o r  a chance to  work 
in d ep en d en tly  on a c h a llen g in g  problem and o ffe re d  h e lp  and sugges­
t io n s  whenever i t  was needed. And above a l l ,  he ir re v o c a b ly  and 
u n d e fin ab ly  touched th e  m olding o f  th e  a u th o r 's  thought p ro c e ss .
I t  i s  t ru e  th a t  we pay a  p r ic e  f o r  ev ery th in g  we do . The
im pact o f I n d u s t r ia l i z a t io n  on th e  environm ent would never be a 
r e c t i f i e d  p o s i t iv e  wave. We should  be ready to  pay th e  p r ic e  f o r  
n ecessa ry  p ro g ress  b u t th e  word p ro g ress  sometimes I s  d i f f i c u l t  
to  d e f in e .
A l a t e s t  b e s t - s e l l i n g  s e lf - h e a t in g  shave cream b ea rs  th e  
fo llo w in g  l i s t  o f in g re d ie n ts :  w a te r , s t e a r i c  a c id ,  tr le th a n o la m ln e ,
1 , 5 -d ie th y l-lt-h y d ro x y -2 -m ercap to -6 -o x o p y rim id in e , iso b u ta n e , 
L au re th -2 3 , po tassium  h y d ro x id e , s o r b i to l ,  hydrogen p e ro x id e , 
sodium la u ry l  s a rc o s in a te ,  p ropane, f ra g ra n c e ,  lauratnine o x id e , 
po tassium  s i l i c a t e ,  b u ta n e , ammonium m olybdate , p h e n a c e tin , and 
sodium s ta n n a te . Even i f  a shaving  cream th a t  h e a ts  i t s e l f  can be 
con sid e red  n ecessa ry  p ro g re s s , does anyone know what p r ic e  he i s  
r e a l ly  paying?
The h e lp , ad v ice  and th e  su g g estio n s  o f  many people made th i s  
work p o s s ib le .  D rs. K„ D. R e iszn er and G. L. L undquist were 
in v a lu a b le . The com radeship o f D. L. McDermott and e a r l i e r ,  H. F. 
M errick  in  th e  la b o ra to ry  has been  a g re a t  ex p e rie n ce . Dr. W. D. 
P i t t s  took th e  enormous tro u b le  o f read in g  and c o r re c t in g  th e  
e n t i r e  d i s s e r ta t io n  in  i t s  h an d w ritten  (h ie ro g ly p h ic )  form. The 
same m agical re a d in g  a b i l i t y  was d isp lay ed  by B etty  Stubbs who 
managed to  type i t .
There a re  few people in  th e  Chem istry Department whom th i s
au th o r d id  n o t b o th e r  w ith  h is  problems du ring  one o r an o th er f a c e t
o f t h i s  work. F i r s t ,  th e  h e lp  o f D rs. G. R. Newkome and A. Nayak
in  s t r u c tu r a l  s tu d ie s  must be c i t e d .  Our r e s id e n t  e le c tro n ic  e x p e rts
G. H. Sexton and e s p e c ia l ly  L. S. Edelen w i l l in g ly  provided  t h e i r
v i
e x p e r t is e  whenever asked . Our ta le n te d  computer programmer Alex 
N ico lson  b o re  th e  main burden  o f fo rm u la tio n  and e x ecu tio n  o f th e  
computer programs used in  t h i s  s tu d y . L. G. P. Hanley J r .  was 
o f  in e s tim a b le  h e lp  in  rech eck in g  and g a th e r in g  s u b s ta n t ia l  amounts 
o f re p o rte d  d a ta .  S. B h a ttach ary a  and G. Gor made p o s s ib le  th e  
d i g i t i z a t i o n  o f th e  d a ta  n ecessa ry  f o r  th e  f i r s t  3 -D p lo t  th a t  
invo lved  some 2600 p o in ts .  The au th o r would a lso  l ik e  to  thank 
th e  L ib ra ry  p e rso n n e l, e s p e c ia l ly  Mrs. B. Brown, who went to  a 
g re a t amount o f  tro u b le  to  hunt obscure m a te r ia l .  F u r th e r  acknow­
ledgem ents fo r  s p e c i f ic  ex p erim en ta l h e lp  have been m entioned in  th e  
opening c h a p te r  o f  th e  exp erim en ta l s e c t io n .
The a u th o r  w ishes to  acknowledge h is  debt to  th e  Department 
o f  Chem istry fo r  g ra n tin g  a te a ch in g  a s s i s ta n ts h ip  which made h i s  
p u r s u i t  o f a  d o c to ra l deg ree  p o s s ib le  in  th e  f i r s t  p la c e  and a ls o  
to  th e  Coates Memorial Fund which b o re  a  p a r t  of th e  c o s t of p rep a­
r a t io n  o f t h i s  d i s s e r ta t i o n .
L a s tly  and very  im p o rta n tly , th e  au th o r wants to  say th a t  he 
s in c e re ly  w ishes he could  a l l e v i a t e  th e  p a t ie n t  p a in  h is  fam ily 
bore  du ring  th e se  y ea rs  and he has no words to  ex p ress  h is  f e e l in g s  
fo r  h is  b e s t  f r i e n d s ,  W ilson G autreaux, Dr. G ail Sm ith , and H unter 
M oles, who made h is  sane s u rv iv a l  p o s s ib le  i n  t h i s  p e r io d .
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ABSTRACT
A method to  determ ine t r a c e  le v e ls  o r  a irb o rn e  s u lf u r ic  ac id  
in  th e  am bient atm osphere has been developed. I t  i s  p o s s ib le  to  
d i f f e r e n t i a t e  s u l f u r ic  a c id  from concom m itantly p re se n t ammonium 
s u l f a te  by means o f t h i s  p ro ced u re . The procedure I s  sp ec tro p h o to - 
m e tric  and a d e te c t io n  l im it  o f  100 ng s u l f a te  has been ach ieved . 
The method has a lso  been a p p lie d  to  aqueous samples and a  l im i t  
o f d e te c t io n  o f  5 ng s u l f a te  has been achieved by r in g  oven 
te c h n iq u e s .
G la s s f ib e r  f i l t e r s  im pregnated w ith  2 -p e rIm ld ln y l ammonium 
bromide a re  u t i l i z e d  in  t h i s  method. P r io r  to  f i l t r a t i o n ,  the  
a i r  stream  i s  su b je c te d  to  c o n tro lle d  h e a tin g  to  m ain ta in  a 
r e l a t iv e  hum id ity . At t h i s  hum idity  le v e l  s u lf u r ic  ac id  (and 
ammonium b i s u l f a te )  a re  c o l le c te d  as l iq u id  ae ro so ls  and a l l  o th e r  
a tm o sp h e rica lly  Im portan t s u l f a te  and b i s u l f a t e  s a l t s  a re  c o l le c te d  
as s o l id  p a r t i c u la te s .  The l iq u id  d ro p le ts  o f s u lf u r ic  ac id  re a c t  
topochem ically  w ith  th e  im pregnating  re ag en t to  form th e  c o r re s ­
ponding s u l f a te .  The f i l t e r  i s  th en  t r e a te d  w ith  a  s a tu ra te d  
s o lu tio n  of barium  a c e ta te  in  75$ ac e to n e -25$ m ethanol (v /v ) 
which co n v erts  th e  p a r t i c u la te  s u lf a te s  - (n o ta b ly  ammonium s u l f a te )  
to  barium  s u l f a te .  Subsequently  th e  m a te r ia l  on th e  f i l t e r  i s  
chromatographed and m ethanol i s  used as th e  e lu t in g  s o lv e n t.
The f i l t e r  i s  th en  t r e a te d  w ith  co n cen tra ted  n i t r i c  a c id  upon 
which th e  o rg an ic  am ine, bound as s u l f a t e ,  r e a c ts  to  form 2- amino,
^ ,6 ,9 - t r in i t r o p e r im id in e .  T h is compound i s  in te n se ly  co lo red  and
xv
behaves as an a c id -b a se  in d ic a to r .  A f te r  adding excess base the  
absorbance o f  th e  r e s u l t in g  s o lu t io n  i s  measured a t  55O nm.
T his d i s s e r ta t io n  a ls o  In c lu d es  a d e ta i le d  in tro d u c tio n  to  
th e  g en e ra l problem o f a irb o rn e  s u l f a te  and s u l f u r ic  a c id  p o l lu t io n .  
Pathways fo r  th e  fo rm ation  o f  atm ospheric s u l f a t e s ,  to x ic o lo g ic a l  
e v a lu a tio n  o f s u l f u r ic  a c id  and i t s  s a l t s , and th e  need fo r  an 
am bient a i r  q u a l i ty  s tan d ard  fo r  th e se  sp e c ie s  a re  d iscu sse d .
In  dep th  review s o f a v a i la b le  methods fo r  th e  d e te rm in a tio n  o f 
s u l f u r ic  ac id  and s u l f a te s  in  a i r  and w ater a re  in c lu d ed .
The chem istry  o f a  c la s s  o f new compounds, n i t r o  s u b s t i tu te d  
2-am inoperlm idines , which form th e  b a s is  o f th e  measurement method 
have a lso  been d e sc rib ed  in  t h i s  work. Therm al, s p e c t r a l  and 
p o la ro g rap h ic  d a ta  fo r  f iv e  new compounds belong ing  to  t h i s  fam ily  
a re  g iven .
CHAPTER I
THE ATMOSPHERE, AIR POLLUTION AND AEROSOLS
11 The most e x c e l le n t  canopy, th e  a i r  - why I t  appears 
no o th e r  th in g  to.m e th an  a fo u l and p e s t i l e n t  
con g reg a tio n  o f vapoursJ"
- Shakespeare, Hamlet
The Atmosphere
The p la n e t  e a r th  I s  enveloped by gases ex ten d in g  to  a h e ig h t 
o f  app ro x im ate ly  2000 km. The d e n s i ty  d ec rease s  r a p id ly  w ith  
in c re a s in g  a l t i t u d e ;  h a l f  th e  t o t a l  mass o f th e  atm osphere 
(e s tim a te d  to  be a  t o t a l  o f  5 .2  x  10 1S Mtons) i s  co n ta in ed  w ith in  
th e  low er 5 km. The v a r i a t io n  o f  tem p era tu re  g ra d ie n t  w ith  a l t i t u d e  
i s  used to  su b d iv id e  th e  atm osphere in to  la y e r s .  The low est p a r t  
o f  th e  atm osphere , c a l le d  th e  tro p o s p h e re , i s  c h a ra c te r iz e d  by 
a  n e g a tiv e  tem p era tu re  g ra d ie n t o f  abou t 6°C/km. Next th e re  i s  a 
ze ro  g ra d ie n t  la y e r  c a l le d  th e  tro p o p a u se . The s tr a to s p h e re  comes 
n ex t and has a p o s i t iv e  tem p era tu re  g ra d ie n t .  T here fo llow s r a th e r  
a b ru p tly  an in v e rs io n  la y e r  ( s t r a to p a u s e )  which p ro v id e s  a t r a n s i t i o n  
to  th e  m esophere where th e  tem p era tu re  g ra d ie n t i s  n e g a tiv e . The 
mesophere in  tu rn  i s  fo llow ed  by th e  mesopause and th en  f i n a l l y  th e  
therm osphere th a t ex ten d s  upwards from  about $0  km and has a s tead y  
and r e l a t i v e ly  h ig h  p o s i t iv e  tem p era tu re  g r a d ie n t .
The tro p o sp h e re  i n t e r e s t s  us  m ost because  i t  co n ta in s  a l l  
th e  a i r  we b r e a th e ,  u s e ,  ab u se , and i s  th e  re g io n  in  which a l l  th e  
w eather p ro c e sse s  o c c u r . M ixing o f  th e  a i r  mass w ith in  th e  tro p o ­
sphere  i n  e i t h e r  th e  n o r th e rn  o r  so u th e rn  hem isphere r e q u ire s  
weeks whereas in te rm ix in g  betw een th e  hem ispheres re q u ire s  y e a r s .
The m ixing tim e i s  s ig n i f i c a n t  s in c e  th e  q u a n ti ty  o f  man made 
m a te r ia l  p u t in to  th e  a i r  o f th e  n o r th e rn  hem isphere i s  v a s t ly  
d i f f e r e n t  from th a t  p u t in to  th e  a i r  o f  th e  so u th e rn  hem isphere.
The exchange betw een th e  tro p o sp h e re  and th e  s tr a to s p h e re  i s  a ls o
r e l a t iv e ly  slow and i t  i s  e s tim a ted  th a t  months a re  re q u ire d  to  
com plete th e  exchange. T ra n s fe r  in to  th e  s tr a to s p h e re  occurs 
m ostly  a t  th e  t r o p ic a l  tropopause  w hile  t r a n s f e r  in to  th e  tro p o ­
sphere  tak es  p lace  p r im a r ily  a t  th e  m id - la t i tu d e  tro p o p au se .
Compared to  th e  tro p o sp h e re , m ixing w ith in  th e  s tra to s p h e re  
i s  much more r a p id ,  bo th  in  v e r t i c a l  and h o r iz o n ta l  d i r e c t io n s .
A ir  P o llu ta n ts
I t  obv iously  becomes n ecessa ry  to  d e f in e  u n p o llu ted  a i r  b e fo re  
one can d e fin e  a i r  p o l lu ta n t s .  "C lean A ir"  co m p o sitio n s, based 
on measurements a t  s i t e s  d i s t a n t  from p laces  o f human a c t iv i ty  
o r  o th e r  1 abnr'^...ai.■ in flu e n c e s  have been g iven  by s e v e ra l a u th o r i ­
t i e s . 278’466 The p u r i s t 's  d e f in i t io n  o f an a i r  p o l lu ta n t  i s  
now o b v io u s , an a t t i t u d e  c h a ra c te r iz e d  by th e  d e f in i t io n  g iven  by 
West German te c h n ic a l  d i r e c t iv e s  (TAL): " S o lid , l iq u id  or gaseous
su b stan ces changing th e  n a tu r a l  com position  o f  th e  atm osphere."
Such a d e f in i t io n  i s  so a l l  in c lu s iv e  th a t  i t  i s  d i f f i c u l t  to  use 
r a t io n a l ly .  F u rtherm ore , th e re  are  no l im i ts  to  which th e  p u r is t  
may s t r iv e  to  ach iev e  " p u r i ty " , in  s p i t e  o f th e  f a c t  th a t  th e  
com position  o f  "C lean A ir"  may have changed du rin g  such an a tte m p t. 
Almost a l l  com positions o f 'c le a n  a i r '  g iven  by a u th o r i t i e s  do 
no t in c lu d e  w ate r vapor. I t  i s  an e s ta b lis h e d  f a c t  th a t  com pletely  
dry a i r ,  I r r e s p e c t iv e  o f i t s  p u r i ty ,  i s  f a r  more damaging to  th e  
human r e s p i r a to ry  system  than  s u b s ta n t ia l ly  p o llu te d  urban a i r .
The g oal o f an e n v iro n m e n ta lis t th e re fo re  should no t n e c e s s a r i ly  
be pure a i r  w hatever th e  com position o f pure a i r  i s  d efin ed  to  
b e , not only because i t  i s  im p ra c tic a l  i f  not im possib le  to  a t t a i n
such a go a l b u t a lso  because 'p u re  a i r '  m ight a c tu a l ly  be more 
damaging th an  some contam inated a i r .  One might j u s t i f i a b l y  say 
th a t  ever s in c e  f i r e  was in v e n te d , excep t fo r  th e  o c c a s io n a l yogi 
who f a s t s  and m ed ita te s  fo r  tw elve y e a rs  atop th e  H im alayas, 
no member o f  th e  hom o-sap ien-sap ien  ra c e  has ever b rea th ed  c lean  
u n p o llu ted  a i r .
A more l i b e r a l  a t t i t u d e  has been  taken  by ASTM in  t h e i r  
d e s ig n a tio n  (d 2 J 5 6 - 6 j a ) :  "A ir p o l lu t io n  i s  c o n s ti tu te d  by presence
o f  unwanted m a te r ia l  in  th e  a i r . "  One can lo g ic a l ly  conclude 
th a t  th e  term  "unwanted m a te r ia l"  r e f e r s  to  m a te r ia l th a t  e x is ts  
in  s u f f i c i e n t  c o n c e n tra tio n  fo r  a  s u f f i c i e n t  tim e to  i n t e r f e r e  
s ig n i f i c a n t ly  w ith th e  com fort, h e a l th  o r w e lfa re  of persons o r 
th e  f u l l  use and enjoyment o f p ro p e r ty . Indeed th i s  view i s  
r e f le c te d  in  th e  world h e a lth  o rg a n iz a tio n  (WHO) d e f in i t io n ,  "A ir 
p o l lu t io n  occurs when one o r  s e v e ra l  a i r  p o llu ta n ts  a re  p re se n t in  
such amounts and f o r  such a  long p e rio d  in  th e  o u ts id e  a i r  th a t  
they  a re  harm ful to  humans, an im als , p la n ts  o r  p ro p e r ty , c o n tr ib u te  
to  damage o r may im pair th e  w e ll be in g  o r  use of p ro p e rty  to  a 
m easureable d e g re e ."
In a  re c e n t le c tu r e  on p o l lu t io n ,  West529 a ttem pted  to  c l a r i f y  
th e  s i tu a t io n  reg a rd in g  te rm ino logy . He advocated th e  use  o f the  
non -derogato ry  word 'c o n ta m in a n t' to  r e f e r  to  w hatever a l t e r s  the 
p r i s t i n e  s t a t e  o f th e  environm ent and th e  word p o l lu ta n t  to  be a 
contam inant p re se n t in  s u f f i c i e n t  c o n c e n tra tio n  to  ad v erse ly  
a f f e c t  something th a t  man v a lu e s .
At t h i s  p o in t ,  i t  i s  in te r e s t in g  to  in v e s t ig a te  th e
ety m o lo g ica l o r ig in  o f the  word 'p o l l u t i o n '.  In  m iddle e n g lish  
i t  was s p e lle d  w ith  one 1 and o r ig in a te d  from th e  p a s t p a r t i c ip le  
o f th e  l a t i n  word p o l lu e re ,  in  which pol i s  a p r e f ix  meaning 
' f o r '  and lu e re  meaning to  u n leash  something harm fu l. Even from 
h i s t o r i c a l  p e rsp e c tiv e  th e n , th e  term  p o l lu ta n ts  should be rese rv ed  
fo r  a c tu a l ly  harm ful o r  o th erw ise  d isa g re e a b le  con tam inan ts.
I t  must be p o in ted  out t h a t ,  c o n tra ry  to  popu lar b e l i e f ,  
o f f i c i a l  m easures to  c o n tro l  a i r  p o l lu t io n ,  in c lu d in g  governm ental 
l e g i s la t io n s  a re  n o t a t  a l l  o f re c e n t o r ig in .  Even In  m edieval 
London m alodorous tra d e s  were ban ished  to  th e  p e rip h ery  o f th e  
town, and r e g u la tio n s  a g a in s t  bu rn ing  c e r ta in  types o f co a l were 
q u ite  s t r i c t l y  im posed. The f i r s t  o f f i c i a l  l e g i s l a t io n  was th e  
'A lc a l i  A c t' o f  England in  1861*, in  connection  w ith th e  c o n tro l o f  
hydrogen c h lo r id e  and hydrogen s u lf id e  em itted  by LeBlanc soda 
p la n ts .  S ince th a t  tim e in d u s t r i a l  o u tp u t o f  a l l  k inds has r is e n  
e x p o n e n tia lly  and concom m itantly , so has p o l lu t io n .  Major 
d is a s tro u s  ep isodes o f a i r  p o l lu t io n  have occurred  a number o f tim es , 
and a re  o f te n  c i t e d .  I t  i s  in s t r u c t iv e  to  n o te  th a t  very  few 
o f th e se  even ts  have been caused by a b r ie f  a c c id e n ta l  d isch a rg e  
bu t r a th e r  have r e s u l te d  from ad v erse  m e te ro lo g ic a l c o n d itio n s  
th a t  led  to  slow accum ulation  o f  in d u s t r i a l  em iss io n s. The danger 
was always th e r e ,  im m inent, and i t  was c h a r a c te r i s t i c  o f  human 
n a tu re  to  respond p r im a r ily  to  th e  d ram atic  and overlook th e  i n s i ­
d io u s . In  th e  l i g h t  o f  co ld  s c i e n t i f i c  o b se rv a tio n , th e  damage 
due to  p o l lu t io n  i s  very  much l ik e  th e  t i p  o f an ic e b e rg . The 
g re a te r  p a r t  o f th e  problem rem ains im p e rc e p tib le , bu t becomes
ap p aren t slow ly and s u re ly ,  and w ith  th e  in te n se  r e s tiv e n e s s  
in h e re n t to  our c i v i l i z a t i o n ,  i s  o f te n  d i f f i c u l t  i f  no t im possib le  
to  c o r r e la te  in  term s o f a  sim ple cause and e f f e c t  r e la t io n s h ip .
While d e ta i le d  ph ilosophy  and le g a l  a sp e c ts  o f a i r  p o l lu t io n  
c o n tro l  a re  f a r  beyond th e  scope o f t h i s  d i s s e r t a t i o n ,  d e ta i l s  
p e r ta in in g  to  p o l lu ta n t  sp ec ie s  o f our i n t e r e s t  w i l l  be d iscu ssed  
in  a  l a t e r  c h a p te r . S u ff ic e  i t  to  say th a t  long b e fo re  la rg e  
sc a le  a ttem p ts  were made to  p rev en t p o l lu t io n  o f ambient a i r ,  
working c o n d itio n s  a t  in d iv id u a l w o rk site s  in  h ig h ly  in d u s t r ia l iz e d  
n a tio n s  have been a su b je c t o f study  to  p rev en t h e a l th  hazards 
to  th e  w orker. The study  o f h e a l th  hazards in  s u l f u r ic  ac id  
p la n t  environm ents began w e ll o v er h a l f  a cen tu ry  ago. The ch em ist' 
ta sk  in  such s i tu a t io n s  i s  to  develop a n a ly t ic a l  methods to  d e te r ­
mine th e  p o l lu ta n t  o f  i n t e r e s t  s e le c t iv e ly  and a c c u ra te ly  and to  
p ro v id e  such d a ta  to  th e  o ccu p a tio n a l h y g ie n is t  fo r  e v a lu a tio n . 
P a r t i c u la t e  M atte r  in  th e  A ir
A ir p o l lu ta n ts  may be b ro ad ly  c l a s s i f i e d  in to  gaseous and 
p a r t i c u la te  m a tte r .  An a l t e r n a t iv e  c l a s s i f i c a t io n  i s  prim ary and 
secondary p o l lu ta n t s ;  prim ary p o l lu ta n ts  r e s u l t  from d i r e c t  
em ission  and secondary p o l lu ta n ts  a re  re a c t io n  p roducts  of prim ary 
p o l lu ta n ts  w ith  o th e r  m a te r ia l ,  in c lu d in g  them selves. While both  
gaseous and p a r t ic u la te  a i r  con tam inants a re  la rg e ly  o f d i r e c t  
o r ig in ,  a very  s u b s ta n t ia l  p o r tio n  o f a irb o rn e  p a r t ic u la te  m a tte r  
th a t  can d e f in i t e ly  be termed p o l lu ta n ts  does no t r e s u l t  from 
d i r e c t  em ission . More than  90$ o f th e  p a r t ic u la te  burden o f  th e  
a i r  however, i s  n a tu ra l  in  o r ig in 416  and r e la t iv e ly  harm less
7(p o lle n s  being a n o ta b le  ex cep tio n ) bo th  from a s tan d p o in t 
of chem ical to x ic i ty  and more im p o rtan tly  from a s tan d p o in t 
o f s i z e .  P a r t i c le s  o f n a tu ra l  o r ig in  a re  u s u a lly  too  b ig  
to  p e n e tra te  as f a r  down as th e  lu n g s. T h e ir sources a re  sea  
sp ray , v o lcan o es , m e teo rs , f o r e s t  f i r e s ,  and n a tu ra l  wind 
e ro s io n  and g rin d in g  th a t  lead  to  d u s t s to rm s. Man-made 
p a r t ic u la te s  o r ig in a te  alm ost e n t i r e ly  from combustion p ro ces­
ses (> 70$ and th e  b u lk  o f t h i s  from th e  com bustion o f co a l)  
and o th e r  I n d u s t r ia l  o p e ra tio n s . Although man-made p a r t ic u la te s  
do no t c o n tr ib u te  s ig n i f ic a n t ly  to  th e  t o t a l  p a r t ic u la te  
burden , they a re  in h e re n tly  more dangerous because of t h e i r  
much sm a lle r  s iz e  and consequent a b i l i t y  to  produce r e s p i r a to ry  
a f f l i c t i o n s .  S ince 80$ o f  th e  t o t a l  a tm ospheric  p a r t ic u la te  
burden i s  w ith in  1 km from th e  ground, i t  i s  c le a r  th a t  
any problem r e la t in g  to  a irb o rn e  p a r t ic u la te  m a tte r  i s  a lo c a l  
r a th e r  than  a  g lo b a l e f f e c t .
The s tu d ie s  o f R obinson,416 a lead in g  worker in  th is  f i e l d ,  
r e v e a l th a t  w hile  indeed man-made sources c o n tr ib u te  no more 
th an  10$ to  th e  t o t a l  p a r t ic u la te  burden (amounting to  3  x 109 
M to n s /y r) , v i r t u a l l y  a l l  o f th e  man-made burden i s  em itted  
w ith in  th e  l a t i t u d e  band N orth . As a r e s u l t , th e  con­
t r ib u t io n  o f man-made sources to  th e  t o t a l  i s  much h ig h er 
w ith in  th i s  re g io n , about 31$• This reg io n  a lo n e  is  
re sp o n s ib le  fo r  th e  much h ig h e r  c o n tr ib u tio n  o f  th e  n o rth e rn  
hem isphere ( 17$) to  th e  t o t a l ,  as compared to  th e  g lo b a l
8average. In  c o n t r a s t ,  man-made sources account fo r  no more 
than 1$ o f th e  t o t a l  p a r t ic u la te  burden in  the sou thern  
hem isphere.
An exam ination of th e  energy  consum ption d a ta  ( 1968 ) re v e a ls  
th a t  the  g e n e ra tio n  of p a r t ic u la te s  i s  w e ll  c o r re la te d  w ith 
th e  consumption o f energy. 9 6 $ of t o t a l  g lo b a l energy 
consumption occurs in  th e  n o rth e rn  hem isphere and again  86$ 
o f th e  t o t a l  i s  consumed w ith in  the l a t i t u d e  band 30o_60° N orth.
A study o f th e  U.S. alone c o rro b o ra te s  th e  above co n c lu s io n .
In I 9 6 8 , th e  U .S. consumed 3 !-$ o f the  t o t a l  consumption 
o f th e  n o r th e rn  hem isphere and was re sp o n s ib le  fo r  31$ th e
man-made atm ospheric  p a r t ic u la te s  in  t h i s  hem isphere.
I t  was s ta te d  e a r l i e r  t h a t ,  in  g e n e ra l ,  man-made 
p a r t ic u la te  m a tte r  i s  co n s id e rab ly  sm a lle r  in  s iz e  than n a tu ra l  
p a r t i c u la te s .  (The term used  in  s iz in g  p a r t ic u la te  m a tte r  
i s  mass median d iam eter, MMD. In a l l  d isc u ss io n s  th a t  
fo llow  th e  words p a r t ic u la te  s iz e  and MMD w il l  be used 
in te rc h a n g e a b ly ) . As a r e s u l t  of th i s  sm a lle r  s iz e  t h e i r  
l i f e t im e  in  th e  atmosphere i s  longer th a n  th a t  o f n a tu ra l ly  
o ccu rrin g  p a r t i c u la te s .  E x is tin g  d a ta  In d ic a te  th a t  th e  
e q u ilib riu m  f in e  p a r t ic le  c o n c e n tra tio n  in  the  atm osphere 
i s  s te a d ily  In c re a s in g , p r im a r ily  as a r e s u l t  of human 
a c t i v i t i e s .  G en era lly , e l e c t r i c a l  c o n d u c tiv ity  i s  
taken  to  be an in v e rse  m easure o f f in e  p a r t i c l e  co n c e n tra tio n
because th e  f in e  p a r t i c le s  a c t  as e f f i c i e n t  scavengers 
fo r  th e  sm all io n s ,  which in  tu rn  predom inantly  govern 
the e l e c t r i c a l  c o n d u c tiv ity . The main advantage o f  atm ospheric 
c o n d u c tiv ity  measurements i s  th a t  i t  i s  l i t t l e  a f fe c te d  by 
th e  l a r g e r ,  n a tu r a l ly  occuring  p a r t i c l e s .  Cobb and W ells104 have 
p re se n ted  d a ta  on e l e c t r i c a l  c o n d u c tiv ity  measurements in  th e  N orth 
A t la n t ic  and th e  South P a c i f ic  re g io n s ; th e  d a ta  covers th e  perio d  
1907-1967. T h e ir r e s u l t s  In d ic a te  th a t  th e  c o n d u c tiv ity  has 
decreased  in  th e  N orth A tla n t ic  reg io n  by a t  le a s t  20$ in  th e  p a s t  
60 y e a rs , and beyond doubt, a 15$ d ec rease  has occurred  s in ce  
I 9 2 9 . The au th o rs  conclude th a t  t h i s  change in  c o n d u c tiv ity  i s  
e q u iv a le n t to  a  doub ling  o f th e  f in e  p a r t i c l e  c o n c e n tra tio n  in  
th a t  re g io n . In  c o n t r a s t ,  e l e c t r i c a l  c o n d u c tiv ity  measurements 
have shown no s ig n i f ic a n t  change du rin g  th e  p a s t 60 y ea rs  in  th e  
South P a c if ic  re g io n . Gunn18,7 came to  s im ila r  conc lu sio n s  and 
s ta te d  fu r th e r  th a t  th e  f in e  p a r t i c l e  burden  in  th e  North A t la n t ic  
reg io n  d e f in i te ly  o r ig in a te s  from the  N orth  American c o n tin e n t. 
S ince no s ig n i f ic a n t  in c re a se  has been observed in  th e  sou thern  
hem isphere one can  conclude th a t  a t r u ly  g lo b a l In c re a se  has no t 
occu rred  and th e  s t a t e  o f a f f a i r s  r e p re s e n ts  some s o r t  o f  a steady  
s t a t e  in  which th e  f in e  p a r t i c l e  c o n c e n tra tio n  only in c reased  
in  th e  reg io n s  c lo s e  to  th e  em ission  so u rc e s . In  t h i s  c o n te x t,  
d a ta  from the  N orth  P a c if ic  re g io n  would have been very  v a lu ab le  
bu t a re  not a v a i la b le .
F low ers , 157 McCormick and Ludwig307  have p o in ted  out a s im ila r  
in c re a se  in  f in e  p a r t i c l e  c o n c e n tra tio n  in  th e  30°-60° North
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l a t i t u d e  zone on th e  b a s is  o f atm ospheric tu r b id i ty  m easurem ents; 
t u r b id i ty  i s  a ls o  p r im a r ily  governed by f in e  p a r t i c l e s .  A gain, lack  
o f any such in c re a se  over an extended p e rio d  o f tim e in  th e  so u th e rn  
hem isphere i s  e v id e n t from a n a ly s is  o f th e  d a ta  p re sen ted  by F i s c h e r ,153 
These o b se rv a tio n s  confirm  th a t  th e re  has been a d e f in i te  
in c re a se  in  f in e  p a r t i c l e  c o n c e n tra tio n  in  reg io n s  where la rg e  q u a n ti­
t i e s  o f energy a re  consumed and a lso  th a t  such in c re a se s  a re  lo c a l  
and n o t g lo b a l.
P a r t i c u la te  S iz in g  and A eroso ls
In  h i s  c la s s i c  te x t  on a i r  ch em istry , Junge248  in tro d u ced  a 
c l a s s i f i c a t io n  of p a r t i c u la te  m a tte r  th a t  i s  based on s iz e ;  w ith  
c e r ta in  m o d ific a tio n s  th i s  c l a s s i f i c a t io n  i s  g e n e ra lly  used today . 
P a r t i c le s  w ith  MMD between ,001- .1 \m  a re  c a l le d  A itken  p a r t i c l e s ,  
a f t e r  th e  name o f  John A itken  who f i r s t  c a l le d  a t t e n t io n  to  th e  forma­
t io n  o f fog  over u rban  a reas  a f t e r  s e v e ra l  hours o f sunshine in  th e  
morning even though th e  tem p era tu re  o f  th e  a i r  and e a r th  su rfa c e  was 
in c r e a s in g . 3 P a r t i c l e s  w ith  s iz e s  betw een .1 - 1 jun a re  c a l le d  Large 
p a r t i c le s  and th o se  la rg e r  th an  1 jjjn in  MMD a re  c a l le d  G iant p a r t i c l e s .  
Due to  h ig h  r a t e  o f s e t t l i n g ,  p a r t i c l e s  much la rg e r  than  10 ^m in  
s iz e  do n o t c o n s t i tu te  a s ig n i f i c a n t  f r a c t io n  o f  th e  t o t a l  atm ospheric 
burden. In  term s of th i s  c l a s s i f i c a t i o n  (which w i l l  be used throughout 
th e  r e s t  o f  t h i s  te x t )  n a tu r a l ly  g en era ted  p a r t ic u la te  m a tte r  f a l l  
i n  the  G iant p a r t i c l e  c l a s s ,  and a s u b s ta n t ia l  p a r t  o f  p a r t ic u la te s  
from man-made sou rces f a l l  in  th e  Large p a r t i c l e  c la s s .  A itken  n u c le i  
a re  la rg e ly  o f t e r r e s t r i a l  o r ig in ,  th e  o th e r  im portan t sources be ing  
autom otive e x h au s ts512  and s im ila r  com bustion so u rces . A itken  n u c le i
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a re  o f paramount im portance in  w eather p ro cesses  because they  serve  
as condensa tion  n u c le i  f o r  cloud fo rm atio n .
The d e f in i t io n  of a e ro so ls  i s  somewhat a r b i t r a r y .  P o ss ib ly  
th e  b e s t  d e f in i t io n  i s  th a t  due to  Hidy and Brock: 205 An a e ro s o l  
i s  a  suspension  of p a r t ic u la te  m a tte r  in  th e  a i r ,  w ith  sm all enough 
s e t t l i n g  v e lo c i ty  such th a t  they e x h ib i t  a c e r ta in  degree of s t a b i l i t y  
in  a g r a v i ta t io n a l  f i e ld .
In  h is  t r e a t i s e ,  th e  only  e x is t in g  te x t  on th e  mechanics o f 
a e ro s o ls  a v a i la b le  to  d a te ,  th e  R ussian  s c i e n t i s t  Fuchs165 has g iven  
an e le g a n t c l a s s i f i c a t i o n  o f a e ro s o ls .  D isp e rs io n  a e ro so ls  a re  formed 
as a r e s u l t  o f d i r e c t  p h y s ic a l d is in te g r a t io n  o f s o lid  and l iq u id  
m a tte r  whereas co n d en sa tio n  a e ro so ls  a re  formed when su p e rsa tu ra te d  
vapors condense and when gases r e a c t  homogeneously to  form a non­
v o l a t i l e  p ro d u c t. In  everyday te rm in o lo g y , any type o f l iq u id  ae ro so l 
w hether i t  i s  a  co n d en sa tio n  o r  a d is p e rs io n  a e ro so l i s  c a l le d  m is t , 
a d isp e rs io n  a e ro so l in  which a s o l id  i s  d isp e rsed  i s  c a lle d  d u s t ,  
and a  condensation  a e ro so l in  which a s o lid  i s  d isp e rse d  i s  c a l le d  smoke. 
One c h a r a c te r i s t i c  d if f e re n c e  betw een s o lid  and l iq u id  a e ro so ls  
th a t  i s  im m ediately n o tic e a b le  i s  th e  p a r t i c l e  shape. L iqu id  a e ro so ls  
a re  s p h e r ic a l  ( c f .  m icroscopic d e te rm in a tio n s  o f a e ro so l s u lf u r ic  
a c id ,  Chapter V) b u t s o lid  a e ro s o ls ,  in  g e n e ra l, have com pletely  
v a r ia b le  and h ig h ly  i r r e g u la r  p a r t i c l e  shapes. Very o f te n  an a c tu a l  
a e ro so l mass i s  n e i th e r  p u re ly  a d isp e rs io n  nor a condensation  a e ro so l 
b u t a m ix tu re . When th i s  m ixture i s  one th a t  r e s u l t s  from a d isp e rsed  
p h a se , u su a lly  s o l id ,  se rv in g  as a  heterogeneous r e a c tio n  s i t e  a t  
which a growth o f so lu b le  m a tte r  in  s o lu tio n  occurs ( c f .  c a t a ly t i c
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o x id a tio n  o f  S0a in  th e  atm osphere, C hapter I I ) , such a m ix tu re  
i s  commonly c a l le d  smog.
Chemical Com position o f th e  T ropospheric  A erosol Mass
F i r s t l y ,  th e  tro p o sp h e r ic  a e ro so l mass can be d iv id ed  in to  two 
d i s t i n c t  c l a s s e s ,  c o n t in e n ta l  and m aritim e . The m aritim e a e ro so l 
mass o r ig in a te s  d i r e c t ly  from th e  ocean and as such b e a rs  c lo se  
resem blance to  th e  s o lu te  com position  o f  th e  ocean. Over c o a s ta l  
a reas  a m ix tu re  o f  c o n tin e n ta l  and m aritim e a e ro so ls  e x is t s  w hile 
f u r th e r  in lan d  alm ost p u re ly  c o n tin e n ta l  a e ro so ls  a re  found. The 
d if fe re n c e  between c o n tin e n ta l  and m aritim e a e ro so ls  i s  o f te n  easy to  
determ ine w ith o u t chem ical a n a ly s is .  While th e  peak c o n c e n tra tio n  of 
p a r t i c u la te  m a tte r  in  a m aritim e a e ro so l occurs in  th e  s iz e  f r a c t io n  
around 1 pro MMD, th e  peak c o n c e n tra tio n  o f  p a r t i c u la te  m a tte r  in  a 
c o n tin e n ta l  a e ro so l mass occurs in  a  s iz e  f r a c t io n  alm ost an o rd e r  o f 
m agnitude low er in  tMD.
Very l i t t l e  i s  known about th e  chem ical com position o f th e  p a r t i ­
c le s  in  th e  A itken  ra n g e , because a) c o l le c t io n  i s  d i f f i c u l t  and 
b) a lthough  they  a re  p re se n t in  very  la rg e  numbers, th e  t o t a l  mass 
i s  no t s u b s ta n t ia l .
Among o th e r  th in g s , Junge248  i n i t i a t e d  th e  study  o f  t o t a l  chem ical 
com position  of th e  tro p o sp h e r ic  a e ro so l m ass. The most s u rp r is in g  
r e s u l t  th a t  came o u t o f  th e se  s tu d ie s  i s  th a t  in  th e  la rg e  p a r t i c l e  
c l a s s ,  s u l f a te  c o n s t i tu te s  overwhelm ingly th e  burden o f  th e  a e ro so l 
m ass. S u lfa te  i s  p r e s e n t ,  i n  g e n e ra l ,  in  amounts alm ost two o rd e rs  of 
m agnitude g r e a te r  than  c h lo r id e  o r n i t r a t e .  These s tu d ie s  r e f e r  to  
background, th a t  i s  non-urban  reg io n s  o f th e  n o rth e rn  hem isphere.
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T y p ica l com positions o f th e se  background a e ro so ls  a re  ( in  |ig/m3):C l ,
0 .0 5 ;  Na+ , 0 .0 2 ; N03 , 0 .0 6 ; SQ ^* , k . 6 \  NH4+ , 0 .8 .  The mole 
r a t i o  o f NH4+ to  SO4" su g g ests  a  com position  of (NH4 ) 2S0 4 ,
S u lfa te s  a lso  c o n s t i tu te  a s u b s ta n t ia l  amount o f the  G iant 
p a r t i c l e  burden a lthough  in  th i s  case  o th e r  s a l t s  a re  p re se n t in  
com parable amounts.
These co n c lu sio n s  have been confirm ed over and over by l a t e r  
s t u d i e s .4"  On ex te n s io n  o f th e se  s tu d ie s  to  h ig h ly  in d u s t r ia l iz e d  
urban  reg io n s  i t  was found th a t  s u l f a t e  i s  found in  f a r  la r g e r  excess 
th an  ammonium o r  o th e r  c a tio n s  w ith  which i t  i s  l ik e ly  to  be a s so c ia te d , 
th u s  n e c e s s i ta t in g  th e  p o s tu la te  o f e x is te n c e  o f ac id  s u l f a te  sp e c ie s . 
Novakov's d a ta 363  from P asadena, . f o r  exam ple, shows a preponderance o f 
S(Vl) i . e . ,  s u l f a te  over common c a t io n ic  s p e c ie s . His d a ta  a lso  
in d ic a te s  a  s u b s ta n t ia l  c o n c e n tra tio n  o f S(lV) sp ec ie s  bu t s in c e  h is  
tech n iq u e  o f  measurement (ESGA.) i s  e s s e n t i a l ly  a  su rfa c e  tech n iq u e , i t  
i s  an open q u es tio n  w hether i t  i s  a c tu a l ly  a s u l f i t e  sp ec ie s  o r i s  
absorbed S02  on p a r t i c u la te  m a tte r .
P re s e n t ly ,  i t  i s  g e n e ra lly  b e lie v e d  th a t  th e  s u lf a te s  (p rim a rily  
(NH4) 2S04 and NH4HSO4 ) a re  th e  end p roducts  o f n a tu r a l  and man-made 
H2S and S02 . Not on ly  do th ey  dom inate th e  tro p o sp h e ric  a e ro so l 
mass b u t they a lso  c o n s t i tu te  a  s ig n i f ic a n t  p o r tio n  of th e  s tr a to s p h e r ic  
a e ro so l bu rden , th e  o th e r  p a r t  be in g  m eteo ric  d u s t.  There seems to  be 
l i t t l e  doubt421 th a t  th e  ammonium s u lf a te s  in  th e  s tra to s p h e re  o r ig in a te  
from th e  tro p o sp h e re , and be ing  r e l a t iv e ly  v o l a t i l e  compared with 
o th e r  p a r t ic u la te  m a t te r ,  they m ig ra te  upward and once p a s t  the  
tropopause  a re  p ro te c te d  from ra p id  w ashout by r a in .
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E xtensive  s tu d ie s  have been made on photochem ical form ation o f  
a e ro so ls  in  sim ulated  urban atm ospheres. A d isc u s s io n  o f th e  photo­
chem ical and o th e r mechanisms o f o x id a tio n  o f s u lf u r  d io x id e  to
s u l f a te  w i l l  be d e fe rre d  u n t i l  a l a t e r  c h a p te r . S u f f ic e  to  say th a t
in  a number o f s tu d ie s ,  ty p if ie d  by th a t  o f G ro b lick i and N eb el,106 
i r r a d i a t i o n  o f t ra c e  m ix tu res  o f s u l f u r  d io x id e  - n i t r i c  oxide -  ozone 
and v a r io u s  hydrocarbons always r e s u l te d  in  the  fo rm atio n  of a e ro so ls  
in  which th e  dominant component was ammonium s u l f a te .
S ize D is tr ib u t io n ,  S u lfa te  A ero so l, and F ac to rs  A ffe c tin g  the D i s t r i ­
b u tio n
The f u l l  e x te n t o f  th e  m athem atical d e ta i l s  Invo lved  in  a d e s c r ip ­
t io n  o f  ae ro so l s iz e  d i s t r ib u t io n  i s  beyond th e  scope o f th is  d i s s e r ­
t a t i o n .  The s im p les t form i s  a power law due to  Junge248 which s t a t e s
, \ dN „ -B
n <r > “  = c  r
N i s  th e  t o t a l  number o f  p a r t i c l e s  w ith  r a d i i  l e s s  than o r e q u a l 
to  r ,  and n ( r )  i s  the  number o f  p a r t i c l e s  between r  and r  + 6 r. The 
f i r s t  p a r t  i s  r ig o ro u s ly  v a l id ;  th e  second eq u a tio n  i s  an approxim ation , 
g has a  va lue  o f about 3 and C i s  a  c o n s ta n t only a t  a p a r t ic u la r  
lo c a t io n ,  C g e n e ra lly  in c re a se s  w ith  in c re a s in g  degree  o f u rb a n iz a t io n .395
C u rre n tly  th e  log  normal d i s t r i b u t io n  fu n c tio n  in v o lv in g  bo th  th e  
geom etric mean s iz e  and th e  geom etric s tan d a rd  d e v ia tio n  i s  g e n e ra lly  
regarded  to  be th e  most n e a rly  v a l i d ; 80 however, th e  m athem atical 
d e s c r ip t io n  i s  exceed ing ly  complex.
The fa c to rs  th a t  a f f e c t  th a t  t o t a l  number o f a e ro s o l  p a r t ic le s
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w ith in  a given s iz e  range were o r ig in a l ly  l i s t e d  by Junge . 248 The
fo llo w in g  l i s t  i s  somewhat m o d ified , as a r e s u l t  o f  our enhanced
knowledge of atm ospheric ch em istry .
1. P ro d u c tio n  o f p a r t i c l e s  from n a tu ra l  so u rces  as m entioned 
p re v io u s ly .
2 . P roduction  o f p a r t i c le s  by com bustion p ro cesses  and by homogeneous 
gas phase re a c tio n s  o r heterogeneous n u c le a tio n  p ro c e ss e s , su r­
face  r e a c t io n s ,  d ro p le t  r e a c t io n s  and subsequent e v a p o ra tio n , e t c .  
( c f .  secondary p o l lu ta n ts )
3 . Growth o f p a r t i c le s  due to  homogeneous gas phase re a c t io n s  and 
a ttachm ent to  a  n u c le a tio n  s i t e ,  and due to  d i r e c t  heterogeneous 
re a c t io n s  on p a r t i c l e  s u r fa c e s .
k .  Net change th a t  r e s u l t s  from therm al c o a g u la tio n  of sm a lle r  p a r t i ­
c le s  .
5 . Net change th a t  r e s u l t s  from th e  m echanical d e s tru c t io n  of la rg e  
p a r t i c l e s  o r from a phase change th a t  cau ses  d isp e rs io n  o f a 
condensed p hase . 391
6 . Loss o f p a r t ic le s  through g r a v i ta t io n a l  se d im e n ta tio n , e f f e c ts  o f 
tu rb u le n t  v e lo c i ty  g ra d ie n ts  and scavenging o f sm alle r p a r t ic le s  
by la rg e r  ones d u rin g  t h e i r  f a l l .
7 . Loss o f p a r t ic le s  as a  r e s u l t  o f im paction on o b s ta c le s  in  th e i r  
t r a je c to r y .
8 . Loss o f p a r t i c le s  by washout during  p r e c ip i ta t io n ,  ( r a in ,  snow, 
s l e e t ,  e t c . )
I t  i s  obvious t h a t  p ro cesse s  2 and 3 a r e  th e  only ones d i r e c t ly
a f fe c te d  by human a c t i v i t i e s .  The r a te  o f  co ag u la tio n  i s  p ro p o rtio n a l
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to  the  t o t a l  number o f p a r t i c l e s ,  b u t th e  co ag u la tio n  does no t 
a l t e r  th e  t o t a l  q u a n tity  o f  m a te r ia l  p re s e n t .  T h is  p ro cess  i s  o f 
paramount im portance fo r  A itk en  p a r t i c le s  whereas th e  l a s t  th re e  
p ro cesses  a re  very  e f f e c t iv e  in  removing g ia n t p a r t i c l e s  from th e  
atmosphere.
I t  has been suggested  by F r ie d la n d e r  and Wang160 th a t  ev e n tu a lly  
a c o a g u la tin g  a e ro so l w i l l  reach a s tead y  s t a t e  s iz e  d i s t r ib u t io n ,  
which has th e  same form re g a rd le s s  o f th e  i n i t i a l  s iz e  d i s t r ib u t io n .
The f in a l  s t a t e  u su a lly  has a d i s t r ib u t io n  th a t  c o n ta in s  many la rg e  
p a r t i c l e s  and may be termed to  have th e  s e l f  p re se rv in g  s iz e  d i s t r i ­
b u tio n . In  t h i s  s teady  s t a t e ,  ga in s In  th e  number o f p a r t i c le s  in  a 
g iven  s iz e  f r a c t io n  a re  ba lan ced  by lo s s e s .
Like most o th e r  man-made p a r t ic u la te  m a tte r  th e  s u l f a te  a e ro so l 
mass has a peak c o n c e n tra tio n  in  th e  la rg e  p a r t i c l e  f r a c t io n .  Through 
la b o ra to ry  s tu d ie s  G i l le s p ie  and Jo h n sto n e177 in d ic a te d  th a t  s u l f a te  
a e ro so ls  formed by means o f  p h o to o x id a tio n  o f s u lf u r  d iox ide  a re  
g e n e ra lly  w ith in  th e  0 .2  -  0 .it5  ^ s iz e  ran g e . For a g iven  ex perim en ta l 
ru n , th e se  s u l f a t e  a e ro so ls  a re  rem arkably size-homogeneous w ith  a 
geom etric s tan d a rd  d e v ia tio n  o f only  1 .1  -  1 .3 . Of numerous am bient 
s tu d ie s  re p o rte d  th e  s tu d ie s  c a r r ie d  o u t by R o e s le r , e t  a l . 4ao in  
Chicago and C in c in n a ti a r e  no tew orthy . These workers found the  
s u lf a te  io n  to  account f o r  a t  l e a s t  20$ o f  th e  t o t a l  a e ro so l burden 
in  th e  atm ospheres o f th e s e  h ig h ly  in d u s t r ia l iz e d  c i t i e s  and es tim a ted  
on th e  b a s is  o f a cyclone s e p a ra tio n  s ta g e  th a t  about 90$ o f th e  s u lf a te  
a e ro so l was capab le  o f d i r e c t  p e n e tra t io n  in to  th e  lu n g s.
There e x i s t s  a f o r tu i t io u s  c ircum stance in  re g a rd  to  th e  long
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range t r a n s p o r t  o f s u l f a te  a e ro s o ls .  A lthough th e  r a t e  o f  fo rm ation  
o f s u l f a te  a e ro so ls  in c re a se s  r a p id ly  w ith  in c re a s in g  h um id ity , 
th e  a e ro so ls  a re  removed very  e f f i c i e n t l y  by th e  subsequent r a i n . 461
There i s  very  l i t t l e  a v a i la b le  d a ta  on th e  a c tu a l  s iz e  d i s t r i b u t io n  
o f f re e  s u l f u r ic  ac id  a e ro so l in  am bient a i r .  S ince s u lf u r ic  ac id  
i s  h ig h ly  hygroscopic i t  i s  expected  th a t  such d i s t r ib u t io n  would be 
governed by th e  p re v a il in g  r e l a t iv e  h u m id ity . 173 In  th i s  c o n te x t,
Junge and S c h e ld t1 s 249  d a ta ,  o b ta in ed  by measurements made a t  urban 
European lo c a tio n s  i s  very in t e r e s t in g .  They r e p o r t  th a t  no t only  
i s  th e  f r e e  a c id i ty  alm ost e x c lu s iv e ly  a s so c ia te d  w ith  p a r t ic le s  in  
th e  A itken  re g io n , so i s  th e  b u lk  o f  o th e r  s o lu b le  m a tte r . T h e re fo re , 
i t  seems p robab le  th a t  th e  s iz e  d i s t r ib u t io n  o f s u l f a te  a e ro so ls  in  
u rban a re a s  and non-urban reg io n s  a re  a c tu a l ly  q u i te  d i f f e r e n t .  
Johnstone243  p o in ts  ou t th a t  s u l f a t e  a e ro so ls  formed by c a ta ly t i c  
r a th e r  th an  photochem ical o x id a tio n  o f S02  should  have a s iz e  th a t  
depends s t r i c t l y  on th e  heterogeneous r e a c t io n  s i t e  and may be anywhere 
between 0 . 1 -  10 y. . In  a l a t e r  c h a p te r  th e  v a rio u s  mechanisms lead ­
ing to  th e  fo rm ation  o f a e ro so l s u l f a te s  w il l  be d iscu ssed ; i t  i s  
indeed p o s s ib le  th a t  th e  observed d if fe re n c e  in  s iz e  d is t r ib u t io n  
in  d i f f e r e n t  in s ta n c e s  r e s u l t s  from a l to g e th e r  d i f f e r e n t  mechanisms 
o f  fo rm atio n . I f  Junge and S c e ic h 's  d a ta  a re  v a l id ,  th e  problem 
becomes a much more sev ere  one because p a r t i c l e s  sm alle r than  0 .1  ^m 
in  d iam eter a re  no t removed e f f e c t iv e ly  by w eather p ro c e sse s .
M o b ility  and T ran sp o rt o f  A erosols
Since v i r t u a l l y  th e  whole t e x t  o f Fuchs165 i s  devoted to  th e  
extrem ely complex su b je c t o f a e ro so l m o b ility  and t r a n s p o r t ,  the
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interested reader is referred to this source. Some aspects of
the magnitude of such a complex problem have been discussed elegantly
by Peskin,383
If B is the mobility (the ratio of the velocity to the force 
imposed on it) of a particle with a radius r, then as a crude 
approximation B is inversely proportional to r. This approximation 
is reasonable only in the case of steady rectilinear motion.
For our purposes, it is important to understand qualitatively 
that in the absence of specific removal processes such as rainfall, 
a locally built up concentration of aerosols would reduce by diffusion 
slower than that in an otherwise identical system involving gaseous 
contaminants that had the same concentration gradient.
The problem of building up high local concentrations of contami­
nants in the aerosol form therefore is potentially much more acute than 
with gaseous contaminants. Furthermore, increasing the height of 
exhaust stacks to combat the problem is not as effective a solution in 
this case as with purely gaseous pollutants because the bulk of the 
aerosol burden will pass through the breathing zone before eventually 
settling out.
Aerosols and Visibility
Since visibility is the index of air contamination to the layman, 
it is worthwhile to investigate the relationship between visibility 
and total aerosol loading.
The following definition of visibility is given in the Glossary 
of Meterology.223
"... The greatest distance in a given direction at which it is
j u s t  p o s s ib le  to  see and id e n t i fy  w ith  th e  unaided  eye (a )  in  th e  
day tim e, a  prom inent dark  o b je c t a g a in s t  th e  sky a t  th e  h o rizo n  and 
(b) a t  n ig h t ,  a  known p re fe ra b ly  unfocused m oderately  in te n se  l ig h t  
s o u rc e ."
Beer's law is applicable to visibility studies, but must be 
modified so that the extinction coefficient in this case is the sum of 
the absorption and scattering coefficients.
Of th e  d i f f e r e n t  forms o f  s c a t t e r in g ,  R ayleigh s c a t te r in g  i s  
r e l a t i v e ly  un im portan t in  a f f e c t in g  v i s i b i l i t y  in  a e ro so l loaded a i r ,  
because th e  e x te n t o f  R ayleigh s c a t te r in g  i s  s ig n i f ic a n t  only fo r  
p a r t i c le s  much sm a lle r  in  s iz e  th an  th e  w avelength  o f th e  in c id e n t 
l i g h t .  When th e  w avelength o f  th e  in c id e n t l ig h t  i s  com parable to  
th e  p a r t i c l e  s iz e  th e  dominant form of s c a t te r in g  i s  Mie s c a t te r in g  
th a t  i s  named a f t e r  th e  man who developed th e  th e o r e t ic a l  foundation  
fo r  such phenomena. Mie s c a t t e r in g ,  in  c o n ju n c tio n  w ith  th e  a b so rp tiv e  
a t te n u a t io n ,  i s  th e  dominant f a c to r  in  governing  v i s i b i l i t y  in  a 
contam inated a i r  m ass . 412 P a r t i c l e s  in  th e  la rg e  c la s s  (0 .1  -  1 [j,), 
th e re fo re  appear to  be th e  ones most e f f e c t iv e  in  reducing  v i s i b i l i t y .
Charlson93 has produced an empirical but useful correlation 
between total aerosol loading and visibility which states that visibility 
in km = 1800/total aerosol loading in mg/m3.
Lundgren' s299  study  su g g ests  th a t  in o rg a n ic  m a te r ia l  ( s u l f a te s  
and p o ss ib ly  n i t r a t e s )  i s  la rg e ly  re sp o n s ib le  fo r  reduced v i s i b i l i t y  
du ring  photochem ical smog e p iso d e s . There a re  some o th e r  f a c ts  th a t  
have been  e s ta b lis h e d  by la b o ra to ry  s tu d ie s : 1 4 8 »195 a ) Very very  
few hydrocarbons w i l l  form a e ro so ls  when i r r a d ia te d  w ith  N02 a lo n e ;
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b ) alm ost a l l  hydrocarbons form a e ro so ls  upon i r r a d i a t i o n  when N02 
and S02 a re  bo th  p re s e n t ;  c) when S0 2  i s  p re se n t th e  a e ro so l w i l l  
in v a r ia b ly  be dominated by s u l f a t e ,  to  th e  e x te n t th a t  th e  a e ro so l 
may n o t even c o n ta in  any carbon compounds.
The above p o in ts  s u b s ta n t ia te  th e  param ountly im portan t r o le  th a t  
s u l f a te  a e ro so ls  p lay  in  atm ospheric p ro c e sse s . But what has 
happened to  v i s i b i l i t y  d u rin g  th e  cou rse  o f y ea rs?  While no ap p aren t 
o v e r a l l  change in  v i s i b i l i t y  was re p o r te d 64 over London du ring  th e  
p e rio d  1950-1959j v i s i b i l i t y  over th e  C a lifo rn ia  c e n tr a l  v a lle y  
r e p o r te d ly  underwent a s tead y  d ec rease  fo r  20 y ea rs  up to  i 9 6 0 .211  
The most thorough study i s  th a t  due to  Holzworth212  who accum ulated 
d a ta  a t  28 d i f f e r e n t  lo c a tio n s  in  th e  U.S. over a long period  o f tim e.
According to this study, although a steady worsening was 
observed at most locations up to a certain period, in almost all 
cases visibility is better today than it was I5 - 20 years ago, because 
of the more stringent emission controls and better control measures.
The very impressive improvements in air quality in general and 
visibility in particular in cities such as St. Louis and Chicago 
over the past two decades instill some optimism, hopefully with the 
advent of better and judiciously applied control measures a better 
future lies ahead.
CHAPTER I I
THE SULFUR CYCLE AND THE PATHWAYS TO AIRBORNE SULFATE
"As soon as I  had escaped th e  heavy a i r  o f  Rome and 
th e  stench  o f i t s  smoky chim neys, which when s t i r r e d , 
poured fo r th  w hatever p e s t i l e n t  vapors and soo t they  
held enc lo sed , I  f e l t  a change in  my d is p o s i t io n ."
- Seneca, 1 s t .  Century A.D.
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In  view o f th e  f in i te n e s s  o f our atm osphere, i t  becomes impor­
ta n t  to  rev iew  th e  knowledge o f th e  sou rces o f and s in k s  fo r  s u lf u r  
compounds, s in c e  beyond a  d oub t, th ey  a re  th e  s in g le  most impor­
ta n t  c la s s  o f compounds in  th e  g e n e ra l s tudy  o f am bient a i r  
p o l lu t io n .  One can th en  tak e  a s te p  f u r th e r  forw ard and e v a lu a te  
th e  n a tu re  o f th e  added burden th a t  man i s  p u tt in g  in to  th e  a i r  th a t  
surrounds him.
An e x c e lle n t  and reaso n ab ly  re c e n t a r t i c l e  on th e  s u lfu r  
cy c le  by K ellogg e t  a l . 254  i s  a v a i la b le .  O ther e q u a lly  good sources 
o f  in fo rm a tio n , a lb e i t  o ld e r  o n es , by Robinson and Robbins4 1 3 ’ 414 
e x is t  and p ro v id e  v a lu a b le  d a ta  and in s ig h t .  A m assive amount o f 
d a ta  i s  a v a i la b le  in  an  EPA P u b l ic a t io n , 91 which i s  in v a lu a b le  in  
e v a lu a tin g  th e  t o t a l  man c o n tr ib u te d  s u lf u r  burden of th e  atm osphere. 
The S u lfu r  Cycle
In  th e  m ain, s u l f u r  i s  re le a se d  to  th e  atm osphere in  th re e  
prim ary contam inant form s. These forms a re  hydrogen s u lfu d e , 
s u lfu r  d io x id e , and s u l f a t e  from s e a -sp ra y . The s u l f a te  co n ten t 
o f  s e a -sp ra y  i s  m ostly  sodium s u l f a t e  a long  w ith  t r a c e s  o f  calcium  
and magnesium s u l f a t e s .  A lthough i t  i s  an im portan t f r a c t io n  of 
m aritim e a e ro s o l ,  s u l f a te s  from se a -sp ra y  has l i t t l e  to  do w ith  
in lan d  a i r  p o l lu t io n  problem s. Some elem en ta l s u lf u r  i s  em itted  
du rin g  v o lc a n ic  em iss io n s . However, over an extended tim e b a s is  
th e  sum t o t a l  o f s u lf u r  compounds em itted  by volcanoes Is  
i n s ig n i f i c a n t ,  a lth o u g h  such em issions can d r a s t i c a l l y  change s t r a t o ­
sp h e ric  p a r t i c l e  c o n c e n tra tio n  and th u s  a f f e c t  w eather p a t te rn s  
se v e re ly  f o r  long p e r io d s .
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Hydrogen S u lf id e
The em ission  o f  hydrogen s u l f id e ,  n a tu ra l  and o th e rw ise , i s  
dominated by m ic ro b ia l p ro c e sse s . Hydrogen s u lf id e  i s  p o s s ib ly  
th e  only  im portan t n a tu r a l  p o l lu ta n t  th a t  sometimes d is tu rb s  
n a tu r e 's  own l i f e  p ro c e sse s . G en e ra lly , am bient a i r  con tam ination  
due to  H2S i s  n e g l ig ib le  as i s  th e  t o t a l  i n d u s t r i a l  H^S em issio n . 
A lthough th e  compound i s  dangerously  to x ic  when i t s  c o n c e n tra tio n  
exceeds a c e r t a in  l e v e l ,  no evidence o f  cum ulative  to x ic i ty  e x i s t s  
and fo r tu n a te ly  i t s  ex trem ely  d isa g re e a b le  odor i s  p e rc e iv a b le  in  
c o n c e n tra tio n s  f a r  low er th an  dangerous l e v e l s . The t o t a l  amount
.w.
o f  H^S re le a se d  to  th e  atm osphere i s  somewhat c o n tro v e rs ia l  and 
i s  s ta te d  to  be anywhere betw een pj 90 m il l io n  Mtons2 5 4 ’ 413"4 
to  270 m ill io n  Mtons. 1 4 9 ,2 4 8  The h igh  v a lu es  a re  based on an 
e s tim a te  th a t  a t t r i b u t e s  more th an  tw o -th ird s  o f  th e  em ission  to  th e  
oceans. This concept in v o lv es  a t o t a l  t r a n s f e r  o f s u lfu r  from th e  
oceans to  th e  lan d 414  and i s  u n lik e ly  because th e  s o lu b i l i ty  and 
r e a c t iv i ty  o f th e  gas would tend  to  fav o r i t s  r e te n t io n  in  th e  
ocean . 374  The low f ig u re s  were d e riv ed  p r im a r ily  from budgetary  
c o n s id e ra tio n s . K ellogg e t  a l 254  p r e fe r  to  be c o n se rv a tiv e ly  
u n c e r ta in  in  a s c r ib in g  th e  p ercen tag e  o f  t h i s  amount o r ig in a t in g  
from th e  oceans. Robinson and Robbins413" 4 i n  t h e i r  t o t a l  f ig u re  
o f 100 m il l io n  Mtons ( re e s tim a te d  in  a  l a t e r  p u b lic a t io n 415 to  be 
90 m il l io n  M to n s).e s tim a te  only  about 30$ to  be th e  ocean ic
A ll  em ission  f ig u re s  in  t h i s  c y a p te r ,  u n le ss  o th e rw ise  s ta t e d ,  
w i l l  be quoted in  terms o f s u lfu r  f o r  budgetary  s im p lic i ty .
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c o n tr ib u t io n .  I t  i s  g e n e ra lly  ag reed , how ever, th a t  th e  ocean ic  
em ission  i s  predom inantly  lo c a l iz e d  over th e  c o a s ta l  reg io n s  r a th e r  
th an  over th e  ocean ic  mass I t s e l f .  In  any c a se , even i f  th e  low er 
and more re c e n t f ig u re s  a re  tak en  to  be v a l id ,  th ey  s t i l l  account
fo r  roughly  h a l f  o f th e  t o t a l  s u l f u r  re le a s e d  to  th e  a i r .
I t  would be s a fe  to  say th a t  th e  am bient background le v e ls  
o f hydrogen s u l f id e  a re  n o t known w ith  any c e r t a in ty .  They have 
been re p o rte d  to  be anywhere betw een p a r t  p e r  t r i l l i o n  le v e ls  to  
s e v e ra l  p a r ts  p e r  b i l l i o n  l e v e l s . £48,£9£ I t  I s  s ig n i f ic a n t  
th a t  v i r t u a l l y  a l l  o f  th e s e  d a ta  a re  o b ta in ed  by means o f  l iq u id  
sc ru b b er sam pling tech n iq u es  which g ive com plete ly  u n r e l ia b le  
r e s u l t s  in  th e  p resence  o f  S02 , th e  om nipresent s te p b ro th e r  o f  
HgS. 400 The b e s t  e s tim a te s  o f  th e  background le v e ls  o f  HaS 
p lace  i t  around 0 .2  ppb o r  about O .J p,g/m3 . 51s*
A ll  s u l f u r  compounds e m itted  to  th e  a i r  f in a l ly  end up in  th e
most s ta b le  o x id a tio n  s t a t e ,  i . e . ,  s u l f a t e .  The u l t im a te  f a te  o f  
HgS i s  n o t d i f f e r e n t ,  b u t a p p a re n tly  th e  o x id a tio n  o f HgS proceeds 
v ia  th e  fo rm atio n  o f  S02 . S ince th e  mechanisms In v o lv in g  th e  
o x id a tio n  o f  S02 to  s u l f a te  w i l l  be d isc u sse d  l a t e r  in  some 
d e t a i l ,  i t  w i l l  s u f f ic e  h e re  to  look in to  th e  p o s s ib le  pathways 
fo r  o x id a tio n  o f  H2S to  S02 . A very  sm all amount o f  H2S may be 
consumed d i r e c t ly  by c e r t a in  p h o to sy n th e tic  p ro c e sse s .
T h e o re t ic a l ly ,  H2S can r e a c t  pho tochem ically  w ith  m olecu lar 
oxygen. The p r in c ip a l  energy a b so rp tio n  o f  th e  compound how ever,
-X-
From th i s  p o in t on a l l  a i r  contam inant c o n c e n tra tio n s  w il l  be 
exp ressed  In  term s o f  p,g/m3 a t  20°C. Simple co n v ers io n  f a c to rs  
to  ppm and v ic e v e rsa  have been ta b u la te d  by L e ith e . 578
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l i e s  w e ll below 290  nm and s in c e  th e se  w avelengths do no t p e n e tra te  
th e  tro p o sp h e re , i t  i s  u n lik e ly  th a t  such p ro cesses  a re  s ig n i f ic a n t  
in  th e  lower atm osphere. On th e  o th e r  hand , i t  i s  q u ite  l ik e ly  
th a t  t h i s  photochem ical p ro cess  i s  dominant in  th e  co n v ersio n  o f 
s tr a to s p h e r ic  hydrogen s u lf id e  in to  s u l f a t e .  I t  i s  p o s s ib le  th a t  
th e  d i r e c t  o x id a tio n  by oxygen i s  much more ra p id  when bo th  re a c ­
t a n t s  a re  in  th e  form o f  d ro p le t  s o lu t io n s .
O x idation  by atom ic oxygen should  be f a s t  and should proceed 
v ia  a r a d ic a l  c h a in  growth mechanism. This pathway i s  u n lik e ly  
to  be Im portan t ex cep t in  se v e re ly  p o llu te d  atm ospheres in  which 
NOs and 03 , from b o th  of which atom ic oxygen i s  produced in  s ig n i ­
f ic a n t  q u a n t i t ie s  by p h o to ly s is ,  a re  s im u ltan eo u sly  p re s e n t .
The dominant mode o f  H2S o x id a tio n  appears to  be heterogeneous 
s u rfa c e  re a c t io n s  w ith  ozone. O r ig in a lly  observed by R obbins , 409 
th e  o x id a tio n  o f  HsS by ozone on p a r t i c l e  s u rfa c e s  th a t  le a d s  to  
th e  p ro d u c tio n  o f w ate r and SO^, was confirm ed by Cadle and 
Ledford83 to  be ex trem ely  r a p id .  The r a te  o f  o x id a tio n  i s  indepen­
den t o f  H2S c o n c e n tra tio n  and i s  dependent la rg e ly  on th e  a v a i la b le  
su rfa c e  a re a .  O ther f a c to r s  rem ain ing  c o n s ta n t,  th e  r e a c t io n  i s  
1 .5  o rd e r  with re s p e c t  to  ozone. The re p o rte d  r a t e  c o n s ta n t and 
th e  observed am bient le v e ls  o f  p a r t ic u la te  m a tte r  and ozone 
p re se n t in  th e  a i r  has been used  to  c a lc u la te  th e  re s id en c e  tim e 
o f HsS in  our atm osphere. The re s id e n c e  tim e i s  not more th an  
two days and in  h ig h ly  contam inated  system s, may be as sm all as 
two h o u rs . 413
In  a  sense  t h i s  removal p ro cess  im p lies  th a t  atm ospheric
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r e a c tio n s  a re  g e n e ra lly  i n t e r r e l a t e d  and th u s  e f f o r t s  to  remove 
a s p e c i f ic  contam inant from th e  atm osphere may no t always produce 
d e s ire d  r e s u l t s .  I f ,  f o r  exam ple, th e  am bient c o n c e n tra tio n  
o f  ozone cou ld  be d r a s t i c a l l y  reduced to  a l e v e l  th a t  would 
s a t i s f y  some extrem e " e n v iro n m e n ta lis ts ” , i t  i s  l ik e ly  th a t  th e re  
would be a  malodorous w orld .
S u lfu r  D ioxide
S u lfu r  d io x id e  rem ains th e  p r in c ip a l  p rim ary  contam inant 
th a t  r e s u l t s  from human a c t i v i t i e s .  A part from v o lcan ic  em issions 
which c o n tr ib u te  m inor q u a n t i t ie s  o f S02 , th e r e  a re  no known 
n a tu r a l  sources o f  S02 th a t  c o n tr ib u te  s ig n i f i c a n t ly  to  th e  t o t a l  
em iss io n . The l a t e s t  a v a i la b le  e s tim a te s  ( f o r  1970) in d ic a te  
a  worldwide t o t a l  em ission  f ig u re  o f 67 m i l l io n  Mtons o f  which 
roughly  90$ o r  60 m il l io n  Mtons a re  em itted  in  th e  n o rth e rn  hemis­
p h e r e .415 There i s  a  d i r e c t  c o r r e la t io n  betw een energy consumption 
and S02 em iss io n s. The U .S. accounted fo r  ~  3 ^$ o f th e  t o t a l  
energy consumed in  th e  n o rth e rn  hem ispheres and was re sp o n s ib le  
fo r  3 0 $ o f  th e  t o t a l  S02 em ission  in  th i s  h em isp h ere .416
A pproxim ately a th i r d  o f th e  t o t a l  s u l f u r  re le a se d  to  th e  
atm osphere i s  in  th e  form o f  S02 and i s  e n t i r e ly  man made. Because 
t h i s  em ission  i s  f u r th e r  lo c a l iz e d  in  urban o r  p e r ip h e ra l  urban 
a r e a s ,  i t  i s  no wonder th a t  S02 can and does cause sev ere  a i r  
p o l lu t io n  problems when m e te ro lo g ic a l c o n d itio n s  a re  ad v erse .
An ite m iz a tio n  o f  S02 em issions from d i f f e r e n t  sources w il l  
be p resen ted  in  C hapter VI.
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Budget Balancing
The u l t im a te  f a te  o f  S0a , w hether i t  i s  a  prim ary p o l lu ta n t  
o r  th e  r e s u l t  o f th e  o x id a tio n  o f  HsS, i s  i t s  conversion  to  s u l f a te .  
Only a t r i v i a l  amount i s  consumed d i r e c t ly  by p la n ts .  As s ta te d  
e a r l i e r ,  r e g a rd le s s  of th e  o x id a tio n  s t a t e  in  which s u lf u r  i s  
r e le a s e d  in to  th e  atm osphere, i t  w i l l  e v e n tu a lly  become s u l f a t e .
The mass b a lan ce  o f s u lf u r  em ission  i s  com pleted by s u l f a t e  from 
s e a -s p ra y , e s tim a te d  to  amount to  m il l io n  Mtons o f  s u l f u r . 149 
A pproxim ately 90$ o f  t h i s  q u a n t i ty , how ever, i s  p r e c ip i ta te d  over 
th e  mid o cean s , and only 10$ in f lu e n c e s  th e  c o a s ta l  a e ro so l 
co m p o sitio n s . Such m aritim e a e ro so ls  th u s  c o n tr ib u te  l i t t l e  o r  
n o th in g  to  in la n d  a e ro so l co m p o sitio n s . Because s u lfu r  d io x id e  
em issions a re  e s s e n t ia l ly  con fined  to  land m asses, the  d a ta  
p re se n te d  in  t h i s  c h a p te r  can be used to  dem onstrate  th a t  over 
th e  land  masses man made s u l f u r  em issions in  th e  form o f  S02  amounts 
to  50$ o f  th e  t o t a l  s u l f u r  em iss io n s . T his e s tim a te  can be 
confirm ed by th e  a v a i la b le  is o to p ic  d a ta ; 2 3 4 *333 th e  b a s is  f o r  such 
proof i s  the d i f f e r e n t  i s o to p ic  r a t io s  in  b io g en ic  and f o s s i l  fu e l  
s u l f u r .  The study  of ic e  in  g la c ie r s  has shown th a t  in  s p i t e  o f 
th e  in c re a s in g  s u lfu r  ox ide  em issions, th e  atm ospheric background 
le v e ls  o f  S02  have not in c re a se d 83 and a re  es tim a ted  to  be 
around 0 .2  ppb o r  0 .5  pig/m3 . Most in v e s t ig a to r s  b e lie v e  t h a t  th e  
env ironm ental s u lf u r  c y c le  i s  v i r t u a l l y  100$ ba lanced . P re s e n t ly ,  
th e  s te a d y -s ta te  t o t a l  amount o f  s u l f u r  in  th e  atmosphere 
i s  es tim a ted  to  be 100 m il l io n  M tons, whereas th e  t o t a l  o cean ic  
s u l f u r  co n ten t i s  a s ta g g e rin g  1000 t r i l l i o n  M tons, Thus, th e
oceans a re  by f a r  th e  l a r g e s t  s in k s  f o r  s u l f u r .  Of th e  r* 200 
m ill io n  Mtons o f  s u lfu r  r e le a s e d  a n n u a lly  (^5$ as HsS, 3 ^$ as S0a , 
21$ as s u l f a t e  from sea sp ra y )  ~  5$ i s  d ry  d ep o sited  on land su r­
f a c e s ,  i-j 8$ i s  d i r e c t ly  consumed by p l a n t s ,  ™ i s  removed 
from th e  a i r  by p r e c ip i ta t io n  over th e  lan d  masses and th e  o th e r  
i s  s im i la r ly  removed by  p r e c ip i ta t io n  over th e  o ce a n s . I t  
i s  obvious t h a t  a  n e t lan d  to  sea  mass t r a n s f e r  occurs because 
much o f th e  s u l f a te s  washed on to  th e  lan d  a reas i s  a l s o  c a r r ie d  
to  th e  se a  by r iv e r s .  In  view  o f th e  enormous s in k  c a p a c ity  
o f th e  o c ea n s , no s ig n i f i c a n t  change i n  ocean ic  com position  i s  
expected .
The Pathways to  A irborne S u lfa te
There a r e  th re e  so u rces  o f  a e ro so l s u l f a te  in  am bient a i r .
The f i r s t  i s  s u l f a te  from s e a  sp ray , which as s ta te d  b e fo re ,  i s  
n o t very im p o rta n t; th e  second and th e  m ain source i s  th e  o x id a tio n  
o f s u lfu r  d io x id e , and th e  t h i r d  so u rce  i s  d i r e c t  em iss io n  o f 
s u lf u r ic  a c id  an d /o r SO3 . The t o t a l  tonnage of th e  l a s t  item  i s  
n o t very  s ig n i f i c a n t  e i t h e r ,  and th is  em ission  i s  n o t a  problem 
excep t in  c e r t a in  s p e c i f ic  a re a s .
The C onversion of S u lfu r D iox ide  in to  S u lfa te
I t  i s  d o u b tfu l i f  any o th e r  en v ironm en ta lly  im p o rta n t r e a c t io n  
has been s tu d ie d  in  g r e a te r  d e ta i l  th a n  has  the co n v e rs io n  o f S0a 
In to  s u l f a t e .  As a  r e s u l t ,  a  huge body o f  s c ie n t i f i c  l i t e r a t u r e  
about th e  s u b je c t  has accum ulated , and much o f i t  i s  c o n tr o v e r s ia l .  
S ev era l p o s s ib le  and p ro b ab le  r e a c tio n  modes have b een  e s ta b lis h e d .
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A number o f e x c e lle n t  rev iew  a r t i c l e s  a re  a v a i la b le 3 ’8 4 *253»45S»soa 
in  th e  re c e n t  l i t e r a t u r e ,  th e  rev iew ers  do n o t ag ree  on th e  dominant 
mechanism re sp o n s ib le  fo r  th e  a tm ospheric  conversion  o f S02  to  
s u l f a t e .  Indeed i t  i s  l ik e ly  th a t  th e re  i s  no g e n e ra lly  dominant 
pathway b u t r a th e r  th e  cou rse  i s  governed by th e  e x is t in g  
env ironm ental c o n d it io n s .
V ir tu a l ly  a l l  o f  th e  e a r ly  work done on th e  su b je c t was c a r r ie d  
out by H. F . Johnstone and h is  co -w orkers , f i r s t  a t  Ohio S ta te  
U n iv e rs ity  and l a t e r  a t  th e  U n iv e rs ity  o f I l l i n o i s  a t  U rbana. 
Johnstone was a p p a ren tly  th e  f i r s t  person  to  r e a l i z e  th a t  th e re  i s  
a  p o s s i b i l i t y  o f  r e l a t iv e ly  harm less le v e ls  o f  S02  undergoing 
ra p id  o x id a tio n  to  dangerous le v e ls  o f  a e ro so l s u l f u r ic  a c id .  I t  
was e m p ir ic a lly  taken  fo r  g ran ted  f o r  a  long tim e th a t  s u lfu r  
t r io x id e  formed as an in te rm e d ia te  i s  alm ost im m ediately converted  
to  s u l f u r ic  ac id  as long as th e r e  i s  a m easurable hum id ity .
R ecently  measured r a t e  and e q u ilib r iu m  d a ta 200 confirm  th i s  
c o n c lu s io n .
The two b a s ic  mechanisms In v e s t ig a te d  by Johnstone were photo­
chem ical and c a t a l y t i c ,  and a l l  th e  l a t e r  re fin em en ts  can s t i l l  be 
c l a s s i f i e d  under th e se  two broad c a te g o r ie s .
P h o to o x id a tio n  o f S u lfu r  D ioxide
On th e  b a s is  o f  t h e i r  p io n e e rin g  in v e s t ig a t io n s ,  Gerhard 
and Joh n sto n e173 suggested  th a t  th e  r a t e  o f  p h o to o x id a tio n  o f  S02 
to  S03 and hence to  HgS0 4  in  s u n lig h t was le ss  than  0 .2 $  p e r hour 
and was n o t a f fe c te d  by th e  p resen ce  o f  NaCl, N02  o r  changes in  
r e l a t iv e  hum idity  (R .H .) w ith in  th e  range o f  30- 9 0$. Although
50
s u b s ta n t ia l ly  h ig h e r  r a te s  o f  a e ro so l fo rm atio n  was
re p o rte d  l a t e r  by R e n z e tti  and D oyle , 401 re c e n t s tu d ie s  by Junge248  
do n o t con firm  th e se  co n c lu s io n s  and su g g est a  much lower r a t e ,  
c lo se  to  th a t  proposed by Gerhard and Jo h n sto n e .
W hile th e  bond d is s o c ia t io n  energy o f  th e  S02  m olecule i s  
f a r  too  h ig h  to  p erm it photochem ical g e n e ra tio n  o f th e  :S0 
s p e c ie s ,  a t  l e a s t  f iv e  d i f f e r e n t  e x c ite d  s t a t e s  ( th re e  t r i p l e t s  and 
two s in g le t s )  o f  S02 have been e s ta b l is h e d ,  a l l  to  be gen era ted  
by r e a d i ly  a v a i la b le  s o la r  r a d ia t io n . 200
The g e n e ra lly  p o s tu la te d  mechanism Invo lves th e  S04 b i r a d le a l  
as an in te rm e d ia te .  W ithin th e  scope o f t h i s  b r i e f  survey  i t  i s  
im p o ssib le  to  examine in  d e t a i l  th e  m u ltitu d e  o f  proposed mechanisms.
A group o f  th e  p o s tu la te d  r e a c t io n s 89819849118918292589458,4669480  ’ 509 
i s  summarized in  F ig . 1 .
I t  i s  im p o rtan t to  n o te  th a t  n o t a s in g le  one o f th e  proposed 
p h o to o x id a tio n  mechanisms proposed i s  s u f f i c i e n t ly  f a s t  (w ith  
th e  p o s s ib le  ex c ep tio n  o f  th e  mechanism p o s tu la te d  by S idebottom , 
e t  a l . 456  who re p o rte d  a  maximum p o s s ib le  S02  d isap p earan ce  o f 2$ 
p e r  h o u r) to  account fo r  th e  r e l a t iv e ly  f a s t  r a t e  o f  removal 
o f  S02  from th e  atm osphere th a t  i s  observed . A m athem atical 
model f o r  th e  k in e t i c s  o f  d i r e c t  photo o x id a tio n  p ro c e sse s  
has been p re se n te d  by Takahashi e t  a l . 474  and th e  l a t e s t  experimen­
t a l  d a ta  on d i r e c t  o x id a tio n  o f  S02  in  o th e rw ise  uncontam inated 
a i r  a re  a v a i la b le  from th e  work o f  C lark  and W hitby . 102  The 
observed r a t e  never exceeded Vja p e r  ho u r.
The a c tu a l  o p e ra tiv e  mechanism may be a photochem ical one
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th a t  i s  com plicated  by th e  p resen ce  of o th e r  con tam inants in  th e  
a i r .  A lthough p h o to ly s is  o f S02  w ith  hydrocarbons has been shown 
to  produce s u l f i n i c  a c id s  (RSOaH) 116 and s u lfo n ic  ac id s  
(RS03h ) 23s,:369  v ia  a f re e  r a d ic a l  mechanism, t h i s  p a th  i s  no t 
g e n e ra lly  regarded  to  be an im p o rtan t ro u te  f o r  removing atmos­
p h e r ic  S02 . The s i tu a t io n  how ever, i s  q u ite  d i f f e r e n t  when m ix tu res  
o f  S02 , h y d ro carb o n s, and ox ides o f  n itro g e n  a re  i r r a d ia te d .
S u lfu r  d io x id e  i s  consumed a t  a  ra p id  r a t e  upon i r r a d ia t io n  o f 
such m ix tu re s1 4 3 ,2 8 6 ,4 0 0 ,4 0 6 ,4 4 4 ,4 4 5 ,5 0 8  and h ig h ly  ac id  
s u l f a te  dominant a e ro so ls  always r e s u l t .  There a re  some im portan t 
a sp e c ts  o f such re a c t io n s :
a )  When th e re  i s  no S02  l i t t l e  o r  no a e ro so l fo rm ation  i s  o b serv ed .
b )  S a tu ra te d  hydrocarbons a re  f a r  le s s  r e a c t iv e  th an  u n sa tu ra te d  
ones.
c ) When a m ix tu re  o f  u n sa tu ra te d  hydrocarbons and S02 i s  
i r r a d i a t e d ,  th e  p resence o f N02 i s  g e n e ra lly  necessary  fo r  
S02  to  be o x id iz e d . When th e re  i s  no N02  p r e s e n t ,  an 
o le f in  may even r e ta rd  th e  S02 p h o to o x id a tio n  r a t e . 401
d) Both th e  o x id a t io n  o f  NO to  N02  and th e  fo rm atio n  o f 
p e r o x y a c e ty ln i t r i te s  (PAN) a r e  in h ib i te d  by S02 . 532-3
e )  The ra p id  co n v ersio n  o f  S0s  to  s u l f u r ic  a c id  in  th e se  system s 
has been shown to  occur a t  am bient c o n c e n tra t io n s , 444 
U nlike most o th e r  system s s tu d ie d ,  no e x tr a p o la t io n  from 
h ig h e r  c o n c e n tra tio n s  to  am bient c o n c e n tra tio n  le v e ls  i s  
n ecessa ry  in  th e se  system s.
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The e x a c t r e a c t io n  mechanisms in  th e se  system s a re  u n c e r ta in  
p r im a r ily  because some very  d i f f i c u l t l y  m easurable r a t e  d a ta  f o r  
c e r ta in  f r e e  r a d ic a l  re a c t io n s  a re  u n a v a ila b le . A ccording to  
C a lv e r t ,  e t  a l . 06  th e  r e a c t io n  mechanism p robab ly  in v o lv es  th e  
a lk y lp e ro x y  r a d ic a l  R02 .
R' + ° 2 T h ird  body > R°s*
R02- + S02  ** RO* + S03
T his mechanism could be o p e ra tiv e  in  photochem ical smog in  which 
r e l a t iv e ly  h ig h  f re e  r a d ic a l  c o n c e n tra tio n s  a re  known to  e x i s t .
The f i r s t  r e a c t io n  has been in d ep en d en tly  es tim a ted  to  be very  
ra p id .
I t  i s  p o s s ib le  th a t  th e  c a t a ly t i c  a c t io n  o f  N02 p lay s  a  p a r t  
through th e  fo rm atio n  o f  n i t r o s y l s u l f u r l c  a c id  ( c f .  th e  chamber 
p ro cess  f o r  s u l f u r ic  a c id  p ro d u c tio n ) b u t in  view o f  th e  very  low 
am bient c o n c e n tra tio n s  o f  N0X en co u n te red , such a p rocess i s  
u n lik e ly  to  make any s u b s ta n t ia l  c o n tr ib u t io n .
Very s im i la r  to  th e  hydrocarbon -  N0X -  S02 system s, o l e f in  -  
03 -  S02  system s show a  ra p id  co n v ersio n  o f  S02 to  s u l f u r ic  a c id 195 
p r im a r ily  by means o f a  s im ila r  mechanism in v o lv in g  a lk y lp ero x y  
r a d ic a l s .  The r e a c t io n  o f  S02 w ith  ozone by i t s e l f  i s  too  slow 
to  be Im p o rtan t. Payne370  has p o in ted  o u t th a t  in  analogy w ith  
o x id a tio n s  by alkoxy and a lk y lp ero x y  r a d i c a l s ,  re a c tio n s  w ith  
hydroxy and hydroperoxy (HD* and H02 *) r a d ic a ls  may a lso  ta k e  p la c e .  
The measured r a t e  c o n s ta n ts ,  however, a re  very  much lower than  
co rrespond ing  v a lu es  o b ta in ed  fo r  hydrocarbon - N0X -  S02  system s
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in  which th e  alkoxy and a lk y lp ero x y  r a d ic a ls  a re  p o s tu la te d  to  be 
in v o lv e d . Such mechanisms th e re fo re  a re  a lso  u n lik e ly  to  be 
s ig n i f i c a n t .
Catalytic processes
a . H eterogeneous O x id a tio n :
O xidation  o f S02  to  s u l f a te  may occur on dry p a r t i c l e  s u r f a c e s , 
b u t th e re  i s  no ev idence to  in d ic a te  th a t  i n e r t  p a r t i c l e s  such as 
s i l i c a  o r sodium c h lo r id e  p rov ide  u s e fu l  r e a c t io n  s i t e s .  An 
in s ig n i f ic a n t  p o r tio n  o f a tm ospheric  S02 may be removed v ia  p h y s ic a l 
a d s o rp tio n  on in e r t  p a r t i c l e s  and subsequent removal by r a i n f a l l  
o r sn o w fa ll . 536  A lk a lin e  p a r t ic u la te s  such as ca lc ium  carb o n a te  
may be e f f e c t iv e  in  o x id a tio n  by p ro v id in g  a ch em iso rp tio n  s te p  
th a t  p recedes th e  o x id a t io n . P r a c t i c a l ly  no d a ta  a re  a v a i la b le  
to  in d ic a te  to  what e x te n t  th e se  mechanisms may be o p e ra tiv e  in  
c o n v e r tin g  S02 to  s u l f a t e  in  th e  am bient atm osphere.
b . Homogeneous Aqueous Phase O x id atio n :
Many au tho rs  b e l ie v e  th a t  th e  b u lk  o f th e  atm ospheric  S02 in  
con tam inated  atm ospheres i s  removed by o x id a tio n  in  s o lu t io n  
d r o p le ts .  When S02  i s  d isso lv e d  in  w ater d r o p le ts ,  s u l f i t e  ion  
fo rm atio n  occurs as a  r e s u l t  o f  co n secu tiv e  e q u i l ib r i a  in v o lv in g  
s u lfu ro u s  ac id  and th e  b i s u l f i t e  io n . The s u l f i t e  io n  can be 
o x id iz e d  by oxygen to  form s u l f a t e .  The r a t e  l im it in g  p ro cess  i s  
th e  o x id a tio n  i t s e l f  r a th e r  than  th e  d if fu s io n  c o n tro lle d  
d is s o lu t io n  o f S02 and oxygen in  th e  d ro p le t .  The p ro c e ss  thus 
m ight be considered  to  be homogeneous. In  th e  absence o f  c a ta ly t i c  
a g e n ts ,  th e  re a c t io n  r a t e  i s  no t f a s t  enough to  accoun t fo r  th e
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observed observed r a te s  o f removal o f  SOe from th e  atm osphere.
A d e ta ile d  study o f  th e  mechanism and th e  re a c tio n  r a te s  involved 
in  the absence of c a ta ly t ic  agen ts has been given by M ille r  and 
dePena;340 in te rp r e ta t io n  of d a ta  rep o rted  by p rev ious workers 
i s  a lso  inc luded  in  th i s  r e p o r t .
In  th e  p resence of contam inants such as t r a n s i t io n  m etal io n s , 
th e  re a c t io n  r a te  i s  in c re a se d . In  p a r t ic u la r ,  manganese and iro n  
s a l t s  have d r a s t i c  e f f e c t s . 2 4 1 -2 ,2 4 7  S tudies i n  th i s  lab o ra to ry  
show th a t s e v e ra l o th e r  t r a n s i t io n  m etal ions may a lso  be h igh ly  
e f fe c t iv e  in  promoting such o x id a t io n . 308 The mechanism involved 
in  such p ro cesses  was o r ig in a l ly  env isioned  to  be th e  one th a t  
fo llo w s . 331
S0a  + M C H sP)^  =  (H aO j^M -S O E 2 *- +  HeP 
(HeP ^ jM-SOe5*  + “0£ =  (Hsp^jH-SOa2*
(H^O) + 2H^0 -------- M(HeO)2 *^ + H+ + HSO4
X**«  X
The problem w ith such a scheme i s  tw ofold: i t  does no t re a d ily  
account f o r  th e  g e n e ra lly  observed decrease  in  r e a c t io n  r a te  w ith  
time (o r b e t t e r ,  decrease  in  r e a c t io n  r a te  w ith  d ecreasin g  pH) and 
i t  re q u ire s  unreasonably  h igh co n cen tra tio n s  of m eta l ions fo r  th e  
re a c tio n  to  proceed a t  a  reaso n ab le  r a t e .
The ex ac t p a th  o f th e se  re a c tio n s  is  not c l e a r .  Junge and 
Ryan247  observed a co n sid e rab ly  lower r a te  o f o x id a tio n  when th e  
re a c tio n s  were c a r r ie d  ou t in  th e  d ark ; th is  o b se rv a tio n  in d ic a te s  
th a t  p h o to ly s is  may a ls o  be invo lved  s im u ltaneously . R ecently
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f la s h  p h o to ly s is  s tu d ie s  have in d ic a te d  t h a t  th e  fo llow ing  mechanism 
may he o p e ra t iv e . 466
SOa2" S03" + e-  (aq)
so3“ +  0 2 — * so 5~
S0 5" + SO32” -------* so4“ + s o |”
SO 4" + SO32 " -------» SO 4s -  + so 3“
S0 5" S0 s -------* S04 + P ro d u c ts
so 4“ + so 4" -------> SO4 + P ro d u c ts
The f i r s t  s t e p ,  lead in g  to  th e  fo rm ation  o f  th e  SO3” s p e c ie s ,  
i s  b e lie v ed  to  b e  r a t e  determ in ing  and may ta k e  an a l t e r n a t iv e  ro u te  
in  th e  p resence o f  c e r ta in  t r a n s i t i o n  m eta l io n s ,  M :
SOg2" +  M*11 -------► SO3" + J£+ (n “ l )
The ^  s p e c ie s  i s  p o s tu la te d  to  be s ta b i l i z e d  by complexa-
t io n  w ith  s u l f i t e .  Whether th e  red u c tio n  o f  th e  m etal ion  by s u l f i t e  
i s  ca ta ly zed  by l i g h t  i s  unknown.
For co n tin u ed  o x id a tio n  to  occur in  such a system , th e  e q u ilib riu m  
co n c e n tra tio n  o f  th e  s u l f i t e  io n  must be m a in ta in e d .a t  a rea so n ab le  
l e v e l ,  i . e . ,  th e 'p E \ in. th e  d ro p le t  must n o t f a l l  below a c e r ta in  
v a lu e .  The most lo g ic a l  way to  form such a  b u ffe re d  system  i s  by 
th e  d is s o lu t io n  o f  atm ospheric ammonia in  th e  d r o p le t .
An in c re a s e  in  pH due to  d is s o lu t io n  o f  ammonia in  th e  d ro p le t  
le a d s  to  a h ig h e r  S02  s o lu b i l i ty  and a h ig h e r  eq u ilib riu m  concen­
t r a t i o n  o f th e  s u l f i t e  io n . The o x id a tio n  o f S02  to  s u l f a te  in  such
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a system i s  q u i te  f a s t  even in  th e  absence o f m e ta l io n s , 511 and 
some re se a rch e rs  b e l ie v e  th a t  ammonium ion  may a c tu a l ly  be 
c a t a ly t i c a l l y  in v o lv e d  in  th e  p r o c e s s . le e  The r o le  o f  ammonia 
how ever, can h a rd ly  be c a lle d  c a t a l y t i c  s in c e  i t  i s  consumed d u ring  
th e  p ro cess . H ea ly , e t  a l . 197 e s tim a te  th a t  in  h ig ji hum idity 
l e v e ls  th is  ro u te  a lo n e  could w e l l  account f o r  th e  removal o f 
a tm ospheric SOg. However, one m ust y e t  n o te  t h a t  th e  o x id a tio n  
r a t e  i s  s u b s ta n t ia l ly  f a s t e r  in  th e  p resence o f c e r t a in  m etal io n s .
The o r ig in a l  work on the  k in e t i c s  o f a  pu re  system  ( i . e . ,  n o t 
c o n ta in in g  m etal io n s )  was th a t  o f  S c o tt and Hobbs. 447  The c a lc u ­
la t io n s  are  based  on H enry 's law e q u i l ib r i a  in v o lv in g  S02 , 0 2 , NH3 
a s  w e ll as C02 .
In  co n c lu s io n , i t  i s  obvious th a t  th e re  i s  no g e n e ra lly  
a p p lic a b le  ro u te  by means o f w hich S02  i s  co n v erted  in to  s u l f a t e .  
The dominant ro u te  would be g r e a t ly  dependent on th e  c o n c e n tra tio n  
o f  o th e r  co n tam in an ts , th e  i n t e n s i t y  o f s u n lig h t ,  th e  hum idity  o f  
th e  ambient a i r ,  e t c .  A ll o f th e  v a rio u s  chem ical sp ec ies  th a t  
may c a ta ly ze  such a  re a c t io n  a r e  n o t known e i t h e r .  P a r t i c le s  o f  
in d u s t r i a l  f ly  a sh  have been shown to  be e x c e l le n t  c a t a l y s t s . 243  
The im portance o f  am bient h um id ity  le v e ls  cannot be o v e rs tre sse d  
because hum idity d e te rm in es  w hether a  so lu b le  p a r t i c u la t e  w ith  
p o s s ib le  c a ta ly t i c  p ro p e r t ie s  i s  p re se n t as a  s o l i d  o r  a  l iq u id  
a e ro s o l .
The f a c t  t h a t  th e  dominant ro u te  o f co n v ers io n  i s  dependent on 
v a r io u s  fa c to rs  in c lu d in g  d iu rn a l  v a r ia t io n s  has been d en o n stra ted  
by Meszaros in  a s e r i e s  of p a p e rs . 336  On th e  b a s is  o f  s tu d ie s
done in  B udapest, Hungary, he concluded th a t  th e  mechanism through 
which th e  fo rm atio n  o f  a tm ospheric  s u l f a te  p a r t ic u la te s  occurs 
cannot be th e  same in  summer and w in te r .
D ire c t  Em ission o f  S u lfu r  T r io x id e /S u lfu r ic  Acid
S u lfu r  t r io x id e  and H2SO4 a r e  em itted  from H£S04 m anufacturing  
p la n t  s ta c k s  b u t th e se  em issions a re  n o t g e n e ra lly  reg ard ed  to  
be a p rob lem .o f th e  am bient atm osphere because  the p a r t i c l e  s iz e  
i s  la rg e  and r e l a t iv e ly  f a s t  sed im en ta tio n  r a te s  a re  observed  ou t­
s id e  th e  s ta c k .  N eedless to  sa y , i t  i s  a  problem In s id e  th e  p la n t ,  
and c o n tro ls  a re  n e c e ssa ry .
A problem  o f more g e n e ra l im portance i s  th a t  due to  c a rs  
equipped w ith  o x id a tiv e  c a t a l y t i c  c o n v e r te rs .  S ta r t in g  w ith  the 
model y ea r 19T5 * c a ta ly t i c  c o n v e rte rs  a r e  being  I n s t a l l e d  in  
g a so lin e  o p e ra ted  au tom obiles so ld  in  th e  U nited  S ta te s .  In  the  
absence o f  a  c a t a ly t i c  c o n v e r te r ,  th e  s u l f u r  in  g a so lin e  i s  em itted  
a s  s u lfu r  d io x id e . A c a t a l y t i c  c o n v e r te r  i s  an a f te rb u rn e r  co n ta in ­
in g  a  nob le  m eta l c a t a l y s t .  The purpose o f th e  c a ta ly s t  i s  to  
reduce th e  exhaust le v e ls  o f  hydrocarbons, CO and NO by o x id a tio n . 
U n fo rtu n a te ly , th e  c a ta ly s t  a ls o  o x id iz e s  th e  S02 in  th e  exhaust 
gases to  SO3  a t  th e  same tim e ; such a c a t a l y t i c  p ro cess  has been 
e x p lo ite d  in  th e  chem ical in d u s try  fo r  a long time fo r  th e  manufac­
tu r e  o f s u l f u r ic  ac id  ( c f .  th e  c o n ta c t p ro c e s s ) .  The s u lf u r  
t r io x id e  th a t  i s  thus e m itte d  in to  the  am bient atm osphere i s  very 
q u ick ly  co n v erted  to  s u l f u r ic  a c id  in  th e  form o f very  f in e  l iq u id  
p a r t i c u l a t e s .
The p e rcen tag e  o f th e  s u lf u r  in  fu e l  th a t  i s  o x id ized  to
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s u l f u r ic  a c id  depends on v a r io u s  f a c to rs  such as th e  type o f  e n g in e , 
th e  o p e ra tin g  rpm, th e  a i r / f u e l  r a t i o ,  th e  ex h au st gas tem p era tu re , 
th e  space v e lo c i ty ,  and most im portan t o f  a l l ,  th e  ex ac t type o f 
c a t a l y s t .  C onversion p e rcen tag es  in  EPA sponsored s tu d ie s  have 
been  given v a r io u s ly  between 10-80$ (Exxon, F o rd , EPA, GM).4s°
The e s tim a te s  o f am bient le v e ls  o f  a e ro so l s u l f u r ic  ac id  
which w idespread use  o f  c a t a l y t i c  c o n v e r te rs  may lead  to  in  a reas  
w ith  heavy t r a f f i c  d e n s ity  vary  between 50 to  I 50 mg/m3 . In  t h e i r  
own s tu d y , EPA s c i e n t i s t s  e s tim a ted  a maximum c o n c e n tra tio n  o f 60 
lig/m3 .
Pierson386 has recently written an excellent article in which 
he has compiled most of the available data on the operation and 
emission characteristics of the catalytic converters that are now 
being used.
When th e re  i s  no c a ta ly s t  th e  c o n c e n tra tio n s  o r hydrogen and 
reducing  hydrocarbons in  th e  exhaust s tream  a re  overwhelm ingly 
la rg e  r e l a t iv e  to  th a t  o f  S02 . The s u l f a te  em ission  under th e se  
c o n d itio n s  i s  l e s s  th a n  1$110 because reducing  c o n d itio n s  e x i s t  
and s in c e  such v e h ic le s  use  leaded  f u e l ,  t h i s  em ission  probably  
o ccu rs  in  th e  form o f PbS04.
The salient points about exhaust gases from automobiles equipped 
with catalytic converters that appear in the currently available 
literature now follow.
a) S u lfu r ic  a c id  i s  em itted  from th e  t a i l p i p e  as a gas s in c e  th e  
exhaust tem p era tu re  i s  c o n s id e ra b ly  g r e a te r  than  th e  dewpoint 
(f'lilO °C).S85 D ire c t  em iss io n  o f S03 does n o t tak e  p lace  s in c e
such a  p rocess  i s  f e a s ib le  o n ly  when exhaust tem p era tu res  
a r e  g re a te r  than  1jOO°C,
b) The mass median d iam e te r o f th e  H2S04 ae ro so l p a r t i c le s  formed 
from th e  gas i s  i n  th e  A itken ra n g e , i . e . ,  l e s s  th an  O .lym .110
c) V ir tu a l ly  th e  e n t i r e  p a r t i c u la te  em ission  from a  c a ta ly s t  
equipped v e h ic le  i s  s u lf u r ic  a c id  and i t s  a s s o c ia te d  w ater.
Because o f th e  h y g ro sc o p ic lty  o f  th e  ac id  a e r o s o l ,  th e  w eight 
o f  p a r t ic u la te  m a tte r  e m it te d /g a l lo n  of fu e l  i s  a  term  th a t  h as  
l i t t l e  meaning and depends on th e  hum idity le v e ls  th a t  e x is t  
d u rin g  th e  measurem ent. A sm all amount o f ammonium s u lf a te
i s  a ls o  g e n e ra lly  found and presum ably r e s u l t s  from re a c tio n  
o f  th e  ammonia p re s e n t  in  th e  ex h au st gases w ith  th e  s u lf u r ic  
a c i d .196
d) C o n s id e ra tio n  o f th e  v a rio u s  p aram eters  th a t  a f f e c t  th e  conver­
s io n  in d ic a te s  t h a t  approx im ate ly  50$ i s  th e  b e s t  e s tim a te
f o r  th e  e x te n t o f  o x id a tio n  o f  t o t a l  fu e l s u l f u r  to  s u l f a t e .385
e) The em ission  r a t e  i s  g re a tly  dependent on th e  age and o p e ra tin g  
h i s to r y  of th e  c a t a l y s t .  Alumina i s  g e n e ra lly  used  as a sub­
s t r a t e ,  and a lth o u g h  i t  does n o t s to r e  S02 to  any s ig n i f ic a n t  
d e g re e , a s u b s ta n t ia l  amount o f  S03 is  s to re d  a s  aluminum s u l f a t e .  
As much as 3 $ co n v ersio n  of th e  t o t a l  amount o f  th e  c a ta ly s t  
s u b s t r a te  has been  o b se rv ed .494 F in a l ly  a  dynamic s te a d y - s ta te
i s  a t ta in e d  between s to rag e  and r e le a s e ,  th e  e x a c t n a tu re  o f  
th e  s te a d y - s ta te  depends on th e  exhaust stream  com position 
and th e  tem p era tu re .
f )  The e f f ic ie n c y  o f S02 o x id a tio n  i s  dependent on c a ta ly s t  ag e , b u t
h i
th e  maximum p o s s ib le  e x te n t depends upon th e  s p e c if ic  type 
o f c a ta ly s t  used as  w e ll as  i t s  o p e ra tin g  h i s to r y .
g) For some c a ta ly s ts  th e  s te a d y -s ta te  betw een conversion  and 
r e le a s e  i s  reached  w ith in  norm al l im i ts  o f  exhaust s tream  
tem p era tu res  and t r a n s i t  tim es over th e  c a t a ly s t .  For some 
c a ta ly s t s  th e  s te a d y - s ta te  c o n d itio n s  a re  never ach iev ed .
In  th e  l a t t e r  c a s e ,  th e  oxygen c o n c e n tra tio n  has been shown 
to  be th e  key f a c to r  in  governing th e  co n v ersio n  r a t e s .
The c u r re n t h y p o th e s is338 i s  t h a t  th e  co n v ersio n  r a t e  i s  
a f fe c te d  u n t i l  th e  oxygen c o n c e n tra tio n  i s  s u f f ic ie n t  ( -^ 0 . 5$ 
o f  th e  exhaust s tream ) to  cover a l l  th e  a c t iv e  c a ta ly t i c  
s i t e s .  Beyond t h i s  c o n c e n tra tio n  in c re a se  in  oxygen concen­
t r a t i o n  has no e f f e c t  on th e  o x id a tio n  r a t e .
h ) D ata o b ta in ed  from  th e  in v e s t ig a t io n  o f  continuous o p e ra tio n s  
cannot be e x tra p o la te d  to  e x p la in  c y c l ic  o p e ra tio n s . C yclic  
o p e ra tio n  i s  th e  r e a l i s t i c  c a s e .  In  g e n e ra l ,  such e x tra p o la ­
t io n s  p rov ide  v a lu e s  th a t  a re  somewhat h ig h e r  than  th e  
observed  v a lu e s .
What i s  th e  l i f e t im e  o f  f re e  s u l f u r ic  a c id  thus em itted  to  
th e  am bient a i r ?  I f  i t  i s  n e u tra l iz e d  q u ic k ly , i s  i t  n e u tr a l iz e d  
a l l  th e  way to  normal s u fa te  o r does i t  s to p  a t  an in te rm e d ia te  
s ta g e , i . e . ,  b i s u l f a te ?  The answer to  any o f  th e se  q u es tio n s  i s  no t 
known. W hile th e  a c id  a e ro so l may r e a c t  w ith  p a r t ic u la te s  such 
as sodium c h lo r id e  to  form sodium s u l f a t e /b i s u l f a t e  and h y d ro c h lo ric  
a c id ,  lo g ic a l ly  one would expect n e u t r a l iz a t io n  by atm ospheric 
ammonia to  be th e  dom inant mechanism fo r  n e u t r a l iz a t io n .
i|2
I n  th e  la b o ra to ry , a ttem p ts  have been  made to  s tu d y  th e  
n e u t r a l i z a t io n  r a te s  o£ a r t i f i c i a l l y  g en era ted  a e ro so l s u lf u r ic  
a c id  by gaseous ammonia.82»85»240>408 The r e a c tio n  i s  d if fu s io n  
c o n tro l le d  and a p p a re n tly  every  c o l l i s i o n  i s  e f f e c t iv e .  Normally 
th e  r e a c t io n  r a te  i s  to o  f a s t  to  be m easured.
I f  th e se  s tu d ie s  were d i r e c t ly  a p p lic a b le  to  th e  a c tu a l  
s t a t e  o f  a f f a i r s  in  th e  am bient atm osphere and i f  one o f  th e  h ig h e r  
re p o r te d  v a lu es  o f  a tm ospheric  ammonia c o n c e n tra tio n 18Qis  u sed , 
e . g . ,  100 p,g/m3 , and i f  a  mass median d iam eter o f 0.1pm i s  assumed 
fo r  s u l f u r ic  ac id  a e r o s o l ,  a quick c a lc u la t io n  would re v e a l  th a t  
th e  re s id e n c e  tim e o f f r e e  s u l f u r ic  a c id  would only be a few 
seconds and consequen tly  th e re  would be l i t t l e  chance o f  d e te c tin g  
th e  f r e e  a c id  in  th e  atm osphere. N e v e rth e le ss , f r e e  s u l f u r ic  ac id  
i s  r o u t in e ly  d e te c te d  in  our urban  atm ospheres. T h is  d e te c tio n  
a lo n e  le d  Lau and C harlson209 to  conclude th a t  a tm ospheric  
ammonia c o n c e n tra tio n s  must be s u b s ta n t ia l ly  lower th a n  th o se  th a t  
had been  re p o r te d .
A c tu a l ly ,  th e re  i s  no agreem ent betw een v a rio u s  measured 
v a lu e s  o f th e  a tm ospheric  ammonia c o n c e n tra tio n s . Some a u th o rs124?343 
r e p o r t  t h i s  c o n c e n tra tio n  to  be in  th e  10p,g/m3 range w h ile  H ealy198, 
who conducted a  r a th e r  ex h au s tiv e  s tu d y  in  th e  U nited  Kingdom, 
r e p o r ts  th a t  i t  i s  s u b s ta n t ia l ly  low er. Junge, e t  a l . 249 were th e  
f i r s t  to  p o in t o u t ou r inadequate  knowledge o f th e  ammonia co n cen tra ­
t io n s  .
W hile ammonia c o n c e n tra tio n s  i n  th e  urban atm osphere may
Indeed be v e ry  much lower th an  10 ^g/m3 , Junge and S ch e ich 's  
h y p o th esis  t h a t  th e  ac id  a e ro s o l  p a r t ic le s  in  th e  am bient atm osphere 
may be co a ted  w ith  u n re a c tiv e  f ilm s  o f hydrocarbons and o th e r  such 
o rgan ic  m a te r ia l  i s  an a l t e r n a t iv e  p o s s i b i l i t y  and should  be 
in v e s t ig a te d .
I t  i s  p o s s ib le  th a t  b o th  ex p la n a tio n s  have some m e r i t .  In  a  
l a t e r  c h a p te r ,  th e  r e l a t iv e  m e r its  w i l l  be in v e s t ig a te d .
CHAPTER I I I  
HAZARDS POSED BY AIRBORNE SULFATE
11. . .  E xperience has in d ic a te d  th a t  i t  may tak e  many y ea rs  b e fo re  
‘the  in c id e n c e  o f  a d ise a se  i s  recogn ized  as hav ing  a r e l a t io n  to  
exposure to  a  ch em ica l."
-  J .  M. B arnes, The B r i t i s h  M edical 
J o u rn a l ,  I 9 6 I
In the ambient atmosphere sulphur dioxide and airborne sulfate 
are so intimately related that it is usually impossible to attri­
bute observed effects specifically to one or the other form.
The e f f e c t  o f  a s in g le  sp ec ie s  o r  th a t  o f a m ix ture  th a t  has 
a p a r t ic u la r  com position  can be s tu d ied  in  th e  la b o ra to ry , b u t 
e x tr a p o la t io n  o f such d a ta  to  th e  am bient atm osphere may not le a d  
to  m eaningful c o n c lu s io n s .
S u lfu r  d io x id e  rem ains th e  s in g le  a i r  contam inant fo r  which th e  
hazardous e f f e c t s  have been s tu d ie d  th e  most thorough ly  and th e  
damaging p o te n t ia l s  have been b e s t  e v a lu a te d . As f a r  back as 195*+ 
th e  famous i n d u s t r i a l  h y g ie n is t  Greenwald184  p o in te d  out th a t  
s u l f u r ic  a c id  and s u l f a te s  a re  co n s ta n t companions whenever s i g n i f i ­
c an t le v e ls  of- s u lf u r  d io x id e  a re  p re s e n t.  However, in  su rvey ing  
e f f e c t s  o f am bient a i r  p o l lu t io n  no a ttem p ts  were made, excep t 
in  very  re c e n t s tu d i e s , to  tak e  in to  account th e  amounts o f s u l f u r ic  
a c id  an d /o r o th e r  a e ro so l s u l f a te s  th a t  were p re se n t w ith th e  s u l f u r  
d io x id e . In  view  o f  th e  g e n e ra l lack  of knowledge o f th e  amounts 
o f a irb o rn e  s u l f u r ic  a c id  and s u lf a te s  p re se n t along w ith  S02  
in  th e se  s tu d ie s ,  th e  s p e c i f ic  in te r p r e ta t io n  o f  th e  r e s u l t s  o b ta in ed  
in  th e  e a r ly  s tu d ie s  i s  d i f f i c u l t ,  i f  not a l to g e th e r  im p o ss ib le .
This becomes s p e c i f i c a l ly  im portan t because th e  hazards posed by 
s u l f u r ic  a c id  and ammonium s u lf a te s  a re  n o t le s s  im portan t th a n  
th o se  posed by S02 and in  com bination th e  e f f e c t  i s  more th an  a d d i t iv e .
However, i t  must be r e a l iz e d  th a t  th e  absence of th i s  
in fo rm atio n  i s  no t as much due to  o v e rs ig h t as one might be in c l in e d  
to  b e l ie v e , b u t r a th e r  i s  due to  d i f f i c u l t i e s  in  m easuring a irb o rn e
h6
s u l f a te  and f u r th e r ,  to  determ ine th e  p a r t ic u la r  form o f the  s u l f a t e .
Except fo r  th e  purposes o f  com parison, no a ttem pt th e re fo re  
w il l  be made to  cover o r r e f e r  to  th e  g re a t body o f l i t e r a t u r e  th a t  
re p o r ts  th e  e f fe c ts  o f  S02 .
A ir p o llu t io n  in  g e n e ra l, has psychologic e f f e c ts  in  a d d itio n  
to  i t s  p h y sio lo g ic  th r e a t  and o f te n  d e te r io ra t io n  o f  v i s i b i l i t y  has 
very heinous im p lic a tio n s  to  th e  layman. The f a c to rs  governing 
v i s i b i l i t y  have been d iscussed  e a r l i e r ,  and i t  would not perhaps 
be r e p e t i t io u s  to  p o in t out th a t  atm ospheric s u lf a te s  c o n s t i tu te  a 
very  la rg e  f r a c t io n  o f  atm ospheric a e ro so ls  th a t  belong to  th e  s iz e  
c la s s  which p rim a rily  govern v i s i b i l i t y .
A lthough ex ten s iv e  amounts o f work have been done to  e s ta b l i s h  
th e  damage S02 does to  c e r ta in  types o f  v e g e ta tio n , a irb o rn e  s u l f a te  
has n o t been shown to  cause a g r ic u l tu r a l  problem s. S u lfu r ic  a c id ,  
except in  a reas  im m ediately surrounding  H2SO4 m anufacturing p la n ts  
i s  not p re se n t in  s u f f ic ie n t  q u a n t i t ie s  to  cause a g r ic u l tu r a l  damage. 
Near source em issions however, damage to  fo lia g e  i s  a  ro u tin e ly  
observed phenomenon.
S u lfa te  in  f a c t  i s  g en e ra lly  regarded  to  be a necessary  n u tr ie n t  
fo r  many types o f v e g e ta tio n  and to  th e  b e s t o f  t h i s  a u th o r 's  
knowledge th e re  i s  only one rep o rted  in c id e n t in  which ex cessiv e  s u l ­
f a te s  and S02 in t ru s io n  to  th e  am bient a i r  r e s u l te d  in  a  high 
enough s u lf a te  co n ten t in  th e  s o i l  to  cause ex te n s iv e  damage to  
e p ip h y tic  f l o r a . 273
M a te ria l damage due to  a i r  p o l lu t io n  causes se rio u s  economic 
lo sse s  and th i s  f a c t  i s  w ell recogn ized . Much o f th e  damage to
s t r u c tu r a l  m a te r ia ls ,  b o th  non-m etals and m e ta ls , c o r r e la te s  
w e ll w ith atm ospheric  a c id i ty ,  u n le ss  m aritim e a e ro s o ls ,  which a re  
a ls o  h ig h ly  damaging, a re  p re s e n t .  The d i r e c t  c o n tr ib u tio n  o£ 
s u lf u r ic  a c id  o r ac id  s u l f a te s  to  t h i s  damage may n o t be as  g re a t  as 
th a t  of th e  s u b s ta n t ia l ly  la rg e r  amount o f S02 th a t  i s  u su a lly  
p re se n t b u t i t  must be remembered th a t  th e  c o r ro s iv i ty  o f s u lfu r  
d iox ide  r e s u l t s  from th e  u lt im a te  fo rm atio n  and r e a c t io n  o f s u lf u r ic  
a c id .  The works o f  Upham506 and T ic e 489 in  th is  f i e l d  have been the  
most n o ta b le , and g e n e ra lly  e x c e l le n t  and s p e c if ic  r e fe re n c e s  a re  
a v a ila b le  in  a  N atio n al A ir  P o l lu t io n  C on tro l A d m in is tra tio n  
p u b lic a t io n 502  as w e ll as  in  an e x c e l le n t  a r t i c l e  by Yocom and 
McAldin. 538
Before th e  s p e c i f ic  to x ic o lo g ic  a p p ra is a l  of a irb o rn e  s u lf a te  
i s  made, i t  i s  in fo rm a tiv e  to  d iscu ss  th e  phenomena o f  a c id  
p r e c ip i ta t io n  because a c id  p r e c ip i ta t io n  i s  In tim a te ly  a s so c ia te d  
w ith  a irb o rn e  s u l f a te  and s u lf u r  d io x id e , p re se n tly  th e re  i s  
growing concern  over th e  in c re a s in g  a c id i ty  o f r a i n f a l l  and sn o w fa ll, 
and th e  problem  has reached acu te  s ta g e s  in  Sweden and Norway, 
Tremendous d ec rease s  in  f i s h  p o p u la tio n  have occu rred  in  both  o f 
th e se  c o u n tr ie s  in  re c e n t y e a r s ,  and th e  decreases have been d i r e c t ly  
c o r re la te d  w ith  th e  in c re a s in g  a c id i ty  o f  w ater in  la k e s  and r iv e r s .  
The m a tte r  was brought to  th e  a t t e n t io n  o f  th e  world when Swedish 
a u th o r i t ie s  o f f i c i a l l y  lodged a com plain t w ith  th e  U.N. in  1972; 
th e  com plaint was accompanied by long  term  s tu d ie s  by Swedish 
s c ie n t i s t s  th a t  showed th a t  by f a r  th e  m ajor p o r tio n  o f  th e  a i r  
contam inants thought to  be re sp o n s ib le  fo r  a c id  p r e c ip i ta t io n  in
Sweden o r ig in a te s  o u ts id e  o f th e  coun try . T his i s  not th e  f i r s t  
in s tan ce *  where d isp u te  a ro se  because the  atm osphere o f one 
n a tio n  was being  used as a  garbage dump fo r  th e  p o llu ta n ts  o f 
a n o th e r co u n try . As a r e s u l t ,  m assive s tu d ie s  have been i n i t i a t e d  
in  th e  United Kingdom, which have been accused by th e  Swedish 
s c i e n t i s t s  to  be th e  prime source  of th e i r  problem s. B r i t is h  
s c i e n t i s t s  have continued  to  m ain ta in  th a t  no s ig ln f ic a n t  amounts 
o f  a irb o rn e  contam inants th a t  have B r i t is h  o r ig in  a re  tra n sp o rte d  
to  Sweden. 461 S ince  the d isp u te  i s  f a r  from being  re so lv ed , i t  i s  
l i k e ly  to  become a to p ic  fo r  in te rn a tio n a l  a t t e n t io n  in  th e  n ear 
f u tu r e .  A s p e c ia l  re p o r t on a c id  p r e c ip i ta t io n  sponsored by 
Chemical and E ngineering  News has been p ub lished  re c e n tly  and is  
an e x c e lle n t sou rce  of g en era l in fo rm atio n . 283
pure w ater in  e q u ilib riu m  w ith  atm ospheric C0£ has a  pH o f 
about ^ .6 , consequently  ac id  p r e c ip i ta t io n  has te c h n ic a lly  been de­
f in e d  to  be r a i n f a l l  and snow fall th a t  have pH values below 5 . 6 . 
Most s c ie n t i s t s  b e lie v e  th a t  th e  presence o f sea s a l t s ,  t e r r e s t r i a l  
d u s t ,  e tc .  and th e  absence o f man-made p a r t ic u la te  m atte r should
t b
g iv e  b a se lin e  pH v a lu es  fo r  'n o rm al1 r a i n f a l l  s u b s ta n t ia l ly  h ig h er 
th an  5 . 6 . There a r e ,  however, no h i s to r i c a l  d a ta  (from tim es 
when l i t t l e  o r  no man-made contam inants were p re se n t in  th e  atmos­
p here) th a t  co rro b o ra te  t h i s .  The b e s t a v a i la b le  d a ta  In d ic a te  
t h a t  p r io r  to  th e  1 9 3 0 's , r a in f a l l  over th e  s ta t e s  of Tennessee, 
V irg in ia  and New York was no t a c id ic . 203 C u rren tly  th e  pH o f
*See fo r  example th e  U.S. - Canadian d isp u te ;  Dean, R. S. and Swain, 
R .E ., U. Bureau o f Mines B u ll . , 19^4.
p r e c ip i ta t io n  over much o f  th e  n o r th e a s te rn  U.S. has mean annual 
averages around It.0 - 4 . 2 , and o c ca s io n a lly  values as low as 2 .1  
have been observed . 282
In  a re c e n t survey o f  th e  lakes o f th e  Adirondacks in  u p s ta te  
N .Y ., i t  was rep o rted  th a t  over h a lf  th e  lak es  had pH below 5 and in  
9056 o f th e se  f i s h  no lo n g er e x i s t . 128 The e f fe c ts  in  Norway 
and e s p e c ia l ly  Sweden a r e  f a r  more d e v a s ta tin g  and w idespread .
Trout and salmon have become e x tin c t  in  some I 5 ,000 Swedish la k e s , 
and an estim ated  20# of a l l  Norwegian t e r r i t o r y  has been a f fe c te d . 225  
A pparently  newly hatched f is h  a re  very v u ln e rab le  to  a c id ,  and th e  
death  o f  eggs and young f i s h  a re  thought to  be the prim e reason 
fo r  th e  d e c lin e  o f th e  f i s h  p o p u la tio n . The s i tu a t io n  i s  aggravated 
by th e  ac id  p u lses  brought about by th e  m e ltin g  and thaw ing of snow 
because th e  f i r s t  p o r tio n  o f th e  m elt w a te r i s  much more a c id ic  
than th e  b u lk . 128
What c o n s t i tu te s  th e  a c id i ty  o f a c id  p r e c ip i ta t io n ?  Using
X 00column and gas chrom atographic techniques Galloway, e t  a l .  
attem pted to  a sse ss  th e  c o n tr ib u tio n  o f  v a rio u s  o rgan ic  ac id s  and 
came to  th e  conclusion  th a t  no more th an  10# of the a c id i ty  i s  ever 
due to  o rgan ic  a c id s . A fte r  a decade long study a t  th e  Hubbard 
Brook experim en tal f o r e s ts  in  New Hampshire, Likens and h is  
coworkers concluded th a t  s u lfu r ic  and n i t r i c  acids a re  alm ost 
e n t i r e ly  re sp o n s ib le  fo r  th e  observed a c id i ty ;  the in d iv id u a l 
c o n tr ib u tio n s  o f th e  two a re  about 60 and 1|0 # r e s p e c t iv e ly . 283 
This con clu sio n  i s  su b s ta n tia te d  by th e  f a c t  th a t in  s im ila r  s tu d ie s
done in  Norway i t  has been  observed th a t  where th e  c o n c e n tra tio n  
o f  s u l f a t e  ions in  p r e c ip i t a t i o n  was th e  h ig h e s t ,  the  pH o f  th e  
r a in  and snow were th e  lo w e s t ,  and th e  a c id i ty  o f lake  w a te r  was 
c o rre sp o n d in g ly  h ig h . 67
There i s  l i t t l e  doubt abou t the  o r ig in  o f th e  s u l f u r ic  ac id  
in  a c id  p r e c ip i ta t io n .  W hile p a r t  o f i t  comes from th e  a c id  
a e ro so l and th e  acid  s u l f a t e s  th e  r e s t  m ust be produced from  the  
o x id a tio n  o f S02  d isso lv ed  i n  th e  ra in w a te r  by tra c e  co n tam in an ts .
The o r ig in  u ltim a te ly  i s  e a s i l y  t ra c e a b le  to  th e  burn ing  o f  f o s s i l  
f u e l s ,  t h a t  i s ,  the  sou rce  o f  ac id  r a in  i s  alm ost t o t a l l y  a n th ro ­
p o g en ic .
A part from the  d e c l in e  o f  f is h  p o p u la tio n  and obvious c o rro ­
s io n  damages to  s t r u c tu r a l  m a te r ia ls ,  a c id  p r e c ip i ta t io n  a f f e c t s  
th e  a q u a tic  ecosystem a t  a l l  le v e ls .  A ccording to  Swedish w orkers , 225 
th e  t o t a l  number o f l i f e  form s undergoes a d r a s t i c  d ec rease  w ith  
in c re a s in g  a c id i ty  of th e  w a te r  in  which th e y  th r iv e ;  th e  m ost 
p r im it iv e  l i f e  forms such a s  b a c te r ia  a re  a f fe c te d  the m ost 
s e r io u s ly .  As a  r e s u l t ,  th e  r a t e  of decom position  o f o rg a n ic  m atter 
d ec rease s  and n u tr ie n t  c y c l in g  from sed im ents i s  in h ib i te d ,  and 
h ig h e r  l i f e  forms d ecrease  i n  p o p u la tio n .
L ik en s283 has f u r th e r  p o in ted  out th a t  i f  th e  p a t te r n  o f  
in c re a s in g  a c id i ty  co n tin u es  in  th e  t e r r e s t r i a l  ecosystem , sooner 
o r l a t e r  s e n s i t iv e  v e g e ta t io n  i s  bound to  be a f fe c te d  by a c id  p re c i­
p i t a t i o n ;  one s in g le  in c id e n t  o f  acid  r a in  d u rin g  a s p e c ia l ly  
s e n s i t iv e  growth s tag e  (g e rm in a tio n , f lo w erin g  o r  f e r t i l i z a t i o n )  
may very  s e r io u s ly  a f f e c t  th e  r e s u l t in g  c ro p . Unlike a q u a t ic  system s,
the  land v eg e ta tio n  system  is  exposed d i r e c t ly  to  ac id  r a in ,  and is  
not p re te c te d  by d i lu t io n  w ith  w a te r. However, no s o i l  has f a r  g re a te r  
re se rv e s  fo r  n e u tr a l iz a t io n  o f ac id s  than  do w ater masses and 
secondary e f f e c ts  a re  n e i th e r  l ik e ly  nor expected.
T oxico log ic  A p p ra isa l o f th e  E ffe c ts  o f  A irborne S u lfu r ic  Acid on 
Human and Animal H ealth
S tu d ie s  o f ambient a i r  p o llu t io n  a re  concerned m ostly  w ith 
th e  e f f e c ts  o f  a i r  contam inants on human and anim al h e a l th .  Most 
o f th e  s tu d ie s  on s u lf u r ic  a c id ,  s u lf a te s  and s u lfu r  d iox ide have 
been done by two i l l u s t r i o u s  la d ie s ,  M. 0 . Amdur h e re  in  the  U.S. 
and K. A. Bushtueva in  th e  U .S.S.R . The approaches employed 
in  th e  American and R ussian la b o ra to r ie s  fo r  the to x ic o lo g ic  
a p p ra is a l  o f th ese  s u lfu r  sp e c ie s , however, d i f f e r  fundam entally .
While s tu d ie s  in  th i s  country  have d e a lt  w ith  th e  incidence 
of a cu te  and /o r ch ron ic  r e s p ir a to ry  d iso rd e rs  and w ith  the 
p a th o lo g ic  changes due to  longterm  exposure, Bushtueva and o th er 
R ussian s c ie n t i s t s  have been concerned alm ost e n t i r e ly  w ith th e  
e f f e c t  o f th ese  compounds upon sensory  m o d a li t ie s , c e re b ra l  
c o r t ic a l  fu n c tio n s  and t h e i r  in te r r e la t io n s h ip s .
F o r tu n a te ly , most o f  the  p e r t in e n t  Russian l i t e r a t u r e  i s  
a v a ila b le  in  E ng lish  t r a n s la t io n  from th e  U.S. Department of 
Commerce. 280 ,428  P o ss ib ly  th e  most In fo rm ative  source on th is  
su b je c t i s  a U.S. Environm ental P ro te c tio n  Agency p u b l ic a t io n , 503 
although i t  i s  somewhat ou tdated  a t  th e  moment. C re d it should 
a lso  be given to  A la r ie  and h is  coworkers from th e  H azleton 
L ab o ra to rie s  in  Vienna fo r  the  very thorough, long-term  to x ic o lo g ic
a p p ra is a ls  o f  s u l f u r ic  ac id  m is t ,  S02 and p a r t i c u la t e  m a tte r  e i th e r  
a lo n e  o r  in  c o n ju n c tio n  w ith  each o th e r , 4 ’ 5
I t  was o r ig in a l ly  b e lie v e d 191  t h a t  th e  in h a la t io n  o f s u l f u r ic  
a c id  m ist causes d e le te r io u s  e f f e c t s  to  th e  upper r e s p i r a to ry  t r a c t  
and th a t  b re a th in g  such m ist in  g ro ss  q u a n t i t ie s  lead s  to  d ea th  
from edema o r spasm o f th e  la ry n x  and in flam m ation  o f th e  upper 
r e s p i r a to ry  t r a c t .  In  c o n t r a s t ,  s u l f u r  d io x id e  was b e lie v e d 154  
to  cause damage lo c a l iz e d  p r im a r ily  in  th e  low er r e s p i r a to ry  t r a c t .  
A f te r  th e  s u b s ta n t ia l  amount o f  work done in  re c e n t y e a rs , i t  i s  
understood  th a t  lo c a t io n  o f  h is to p a th o lo g ic  changes a s so c ia te d  
w ith  in h a la t io n  o f  th e  a c id  m ist i s  dependent on th e  p a r t i c le  s iz e  
o f th e  a c id  a e ro s o l .  W hile i t  i s  la rg e ly  t r u e  t h a t  e f f e c ts  o f  
s u l f u r  d io x id e  th a t  i s  n o t a s so c ia te d  w ith  p a r t ic u la te s  a re  confined  
to  th e  i r r i t a t i o n  o f th e  lower r e s p i r a to r y  t r a c t ,  s u lfu r  d io x id e  
i s  alm ost always a s so c ia te d  w ith  p a r t ic u la te s  In  th e  ambient 
atm osphere. The a c tu a l  s i t e  o f  S0a  a t ta c k  v a r ie s  w ith  th e  n a tu re  
and s iz e  o f such p a r t ic u la te  m a tte r .
S ince th e  p h y s io lo g ic a l  e f f e c t s  o f  a i r  contam inants ta k e  p lace  
as a r e s u l t  o f  th e  in h a la t io n  o f  contam inated  a i r ,  i t  i s  im p o rtan t 
to  understand  some b a s ic  f a c ts  about r e s p i r a t io n .  The amount o f  
a i r  b rea th ed  p e r  m inute a t  any g iv en  tim e i s  g r e a t ly  dependent upon 
th e  amount o f p h y s ic a l work being  done a t  th a t  moment. On th e  
av e rag e , th e  amount o f a i r  b rea th ed  v a r ie s  between s ix  to  a hundred 
l i t e r s  p e r m inute202  and depends on w hether th e  person  i s  r e s t in g  
o r doing some s tren u o u s  p h y s ic a l work. In te n se  p h y s ic a l a c t i v i t y  
i s  more l ik e ly  to  tak e  p lac e  ou tdoors where a i r  p o llu t io n  and th e
r e s u l t in g  hazards a re  g re a te r  than  th a t  in d o o rs . The in h a led  a i r  
t r a v e ls  through th e  nasopharyngeal reg io n , th en  through th e  pharynx 
and larynx to  th e  tra ch ea  and f in a l ly  to  th e  b ro n ch i. The b ronchi 
i n  tu rn  c o n s is t  o f  th e  b ro n ch io le  c a p i l l a r ie s  lead in g  to  th e  
a lv e o l i .  The b ronch i a re  p a r ts  o f  th e  lung p roper and c o n s t i tu te  
th e  lower r e s p i r a to ry  t r a c t .  When a i r  co n ta in in g  p a r t ic u la te  n a t t e r  
i s  b rea th ed , th e  reg io n  where th i s  p a r t ic u la te  n a t t e r  is  p re fe re n ­
t i a l l y  dep o sited  depends, no t unexpected ly , on the  s iz e  and mass 
o f  such p a r t ic u la te  m a te r ia l .  P a r t ic u la te  m a tte r  w ith  MMD much 
g re a te r  than lOy, i s  f i l t e r e d  by th e  nose i t s e l f ,  and p a r t ic le s  around 
o r above 10n seldom reach beyond th e  la ry n x . A s u b s ta n t ia l  number 
o f  p a r t ic le s  belonging  to  th e  la rg e  p a r t i c le  c la s s  t r a v e l  to  
th e  a lv e o li  th rough th e  tra ch eo b ro n ch ia l reg io n  where anything 
la rg e r  i s  tra p p e d . 329 P a r t ic le s  th a t  belong to  the  A itken  c la s s  
a ls o  reach th e  a lv e o l i .  The a lv e o l i  p re sen ts  a  huge su rface  fo r  
d e p o s itio n ; on th e  average, th e  t o t a l  a lv e o la r  su rface  i s  estim ated  
to  be around th re e  q u a rte rs  o f  a m ill io n  square c e n tim e te rs . The 
mechanism o f a lv e o la r  d ep o s itio n  i s  not com pletely understood , 
b u t th e re  i s  a d ep o s itio n  peak fo r  p a r t ic le s  th a t  have a s iz e  
around ly,, and a minimum fo r th o se  th a t  have a s iz e  around 0 . 3y, 
and another maximum fo r  p a r t ic le s  o f the A itken  range. Amdur in  
h e r  c la s s ic  p a p e r , 17 c a te g o r ic a l ly  s ta te s  th a t  th e  to x ic o lo g ic  
im portance o f submicron s iz e  p a r t ic le s  cannot be overem phasized.
The bulk of both the sulfuric acid and suspended sulfate burden of 
the ambient air definitely exist as submicron size particles.
A sem i-m athem atical model has been developed from observed d a ta
5k
by N atusch, e t  a l , 352  to  show why the lung proper i s  th e  p re fe ren ­
t i a l  d e p o s itio n  s i t e  fo r  subm icron s iz e  p a r t i c l e s .  A more mathema­
t i c a l l y  r ig o ro u s  model fo r  h a lf-m ic ro n  s iz e  p a r t ic le  d ep o s itio n  
during in h a la t io n  has been developed by Yang, e t  a l . , 537 and has 
been su b s ta n tia te d  by experim en ta l d a ta . The im portance o f 
the s iz e  o f th e  inhaled  a e ro so l p a r t ic le s  can hard ly  be over­
exaggerated .
Amdur, who is beyond a doubt a leading authority on the 
general toxicology of sulfur oxides, has concluded that S02 by 
itself can be classified to be a mild respiratory irritant at 
worst. 11 This is true even at the threshold limit concentration 
(5 ppm or 13 mg/m3). Sulfur dioxide, however, is a much more 
serious irritant when particulate matter, especially metal salt 
particulates, is simultaneously present in a humid atmosphere,
Amdur in v e s tig a te d  th e  p o s s ib le  p o te n tia t in g  a b i l i t y  o f  in e r t  
a e ro so ls  such as sodium c h lo r id e  to  aggravate  th e  e f f e c ts  o f S02 and 
concluded th a t  some degree o f p o te n t ia t io n  i s  observed . 14  L ater 
work, however, led  h e r  to  conclude16 th a t  on an e f f e c t /u n i t  
c o n cen tra tio n  b a s is  such p o te n t ia t io n  i s  alm ost n e g lig ib le  in  
comparison w ith  th e  e f fe c ts  o f  a e ro so ls  o f manganese ( I I ) ,  i r o n ( l l )  
o r vanadate io n s , a l l  o f w hich, i f  the a i r  i s  humid enough to  perm it 
th e i r  p resence l iq u id  a e ro s o ls , a re  capable o f  o x id iz in g  S02 to  
H2SO4 , A f te r  a study o f po tassium  ch lo r id e  and ammonium th io cy an a te  
a e ro so ls ,  which may be regarded  to  be in e r t  l ik e  NaCl, and the  
a v a ila b le  d a ta  on th e  s o lu b i l i ty  of S02 in  s a tu ra te d  s o lu tio n s  o f 
th ese  s a l t s ,  Amdur concluded th a t  the  p o te n t ia t in g  e f f e c t  o f such
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i n e r t  a e ro so ls  i s  p r im a rily  a co n ce n tra tio n  e f f e c t ,  i . e . ;  i t  is  
due to  th e  Increased  co n ce n tra tio n  o f atm ospheric S0s  in  the 
so lu tio n  phase. The hum id ity , n eed less  to  say , must be la rg e  
enough to  m ain ta in  th ese  s a l t s  in  th e  l iq u id  ae ro so l s t a t e .
At th e  subacute l e v e l ,  Amdur's method o f hazard ev a lu a tio n  
has been th e  measurement o f changes in  pulmonary flow re s is ta n c e  
(PFR) o r in  o th e r  words th e  change in  the  e x te n t o f work the lungs 
have to  do to  r e s p i r e .  I t  should be p o in ted  ou t th a t  an in crease  
o f  10$ in  PFR is  alm ost in s ig n if ic a n t  and i s  u su a lly  im percep tib le  
by the s u b je c t.  With 5 .5  mg/m3 S02 , and 10 mg/m3 o f NaCl a e ro so l,  
Amdur noted th a t  the  p e rcen t change in  PFR (from c o n tro l)  is  
in c reased  by a fa c to r  o f  about 2 . 1* in  case o f the a e ro so l + gas as 
compared to  th e  gas a lo n e . The gas a lone a t  th i s  co n cen tra tio n  
in c rea se s  th e  PFR 20$ from normal. With KCl and NH4SCN a t  the 
same co n cen tra tio n s  th is  f a c to r  was observed to  be 3 .3  and 5 .0  
re sp e c t iv e ly .  The r a t io  o f  the  e f fe c tiv e n e s s  o f th ese  th re e  a e ro so ls  
a t  these  le v e ls  can then  be simply c a lc u la te d  to  be NaCl: KCl:
NH4SCN = 1 : 1,1* : 2 .1 . The ratio of the equilibrium solubility 
of S02 in 3N solutions of these salts is 1 : 1.55 = 1.97.
Undoubtedly s o lu b i l i ty  i s  a key fa c to r  in  such p o te n t ia t io n .
This was fu r th e r  s u b s ta n tia te d  by Amdur in  the  same re p o r t ;  she 
showed th a t  suspended p a r t ic u la te s  which a re  unable to  form liq u id  
a e ro so ls  such as oxides o f iro n  o r manganese, open h e a rth  d u s t, 
e t c . ,  do not p o te n tia te  th e  e f fe c ts  o f  S0a as f a r  as m easurable 
changes in  r e s p ir a t io n  c h a r a c te r is t i c s  go. I n te re s t in g ly  enough, 
carbon, whether a c tiv a te d  o r u n a c tiv a te d , e x h ib its  no p o te n tia t in g
a b i l i t y .  One would conclude th e re fo re  t h a t  p o te n t ia t io n  o f  the  
e f f e c ts  of SO2  by 'a d s o rp tiv e  c o n c e n tra tio n ' i s  la rg e ly  unsub­
s ta n t i a t e d .
On th e  o th e r  hand, u s in g  th e  c a t a ly t i c  a e ro so ls  Amdur found 
th a t  even a t  c o n ce n tra tio n s  one te n th  o f th a t  used fo r  NaCl 
a e ro so ls  th e  e x te n t o f observed  p o te n t ia t io n  was s u b s ta n t ia l ly  
la rg e r  than  th a t  observed w ith  NaCl a e ro s o ls .  These d a ta  a l l  r e f e r  
to  s tu d ie s  w ith  guinea p ig s .  In  a re c e n t s tu d y  on the e f f e c t s  of 
S02 , H2SO4 and in d u s t r i a l  f ly  ash tak en  one a t  a  tim e o r i n  any 
given com bination  upon bo th  guinea p igs and cynomolgus monkeys, 
A la r ie ,  e t  a l , , 5 have concluded th a t  the  d e le te r io u s  e f f e c t s ,  e i th e r  
long term  o r  s h o r t term  can be a t t r i b u t a b l e  to  the ac id  a lo n e .
T his co n c lu s io n  i s  even more s ig n i f ic a n t  in  view  of th e  f a c t  th a t  
th i s  study  was done w ith  y e a r  o r y ea r and a h a l f  long exposures 
u sing  p ro b ab le  ambient c o n c e n tra tio n s  in  p o llu te d  a tm ospheres, 
and no t w ith  u n r e a l i s t i c a l l y  high c o n c e n tra tio n s . T h e re fo re , no 
e x tr a p o la t io n  of A la r ie 's  co n c lu s io n s  i s  n ec e ssa ry . At t h i s  s ta g e , 
r e fe r r in g  to  th e  s o -c a lle d  acu te  S02  p o l lu t io n  ep iso d es , th e  q u estio n  
becomes very  v i t a l :  which was th e  r e a l  c u l p r i t ,  the gas o r  the
ac id  th a t  formed from th e  gas?
Such a  q u e s tio n , as w i l l  be p o in ted  o u t in  a l a t e r  c h a p te r ,  
i s  more e s th e t i c  than  an y th in g  e l s e .  A f te r  a l l ,  w ith th e  ex cep tio n  
o f  d i r e c t  s u l f u r ic  ac id  em ission  from s u l f u r ic  ac id  m anufacturing  
p la n ts  and c a t a ly t i c  c o n v e rte r  equipped au tom ob iles, S02 m ust 
be p re se n t f o r  H2SO4 to  be formed.
The p o te n t ia t io n  o f  S02  hazards by c a t a l y t i c  a e ro so ls  led  Amdur
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to  in v e s t ig a te  th e  e f f e c ts  o f  s u lfu r ic  a c id  m ist d i r e c t ly .  In  
h e r  p re lim in a ry  w ork,9 she used a e ro so l s u lfu r ic  ac id  a t  v arious 
co n cen tra tio n s  w ith  MMD around lp,. E igh t hour LC5o ( le th a l  
c o n c e n tra tio n  lead in g  to  d ea th  o f 50$ o f t e s t  an im als) v aried  
between 18-50 mg/m3 and i t  was dependent on th e  age of the guinea 
p ig s  used , th e  younger anim als (about 18 months o ld )  were f a r  more 
s u sc e p tib le . Although such co n c en tra tio n s  a re  n o t l ik e ly  to  occur 
in  ambient a i r ,  th e se  experim ents c le a r ly  e s ta b lis h e d : a) s u l f u r ic
ac id  i s  o rd e rs  o f  magnitude d e a d lie r  as an acu te  to x in  than  S02 
(comparing in  term s o f e q u iv a le n t c o n c e n tra tio n s ) ,  b ) in h a la tio n  
o f s u lfu r ic  a c id  m ist has two d i s t i n c t  e f f e c t s ,  la ry n g ea l blockage 
causing  subsequent spasms and deep sea ted  damage o f  th e  lung 
p ro p er. The lung damage i s  cum ulative and th e re fo re  some e f f e c ts  
a re  expected to  be observed on long term  b rea th in g  of q u ite  low 
co n c en tra tio n s  o f th e  ac id  a e ro so l. In  a l a t e r  study  Amdurl s  
experim ented w ith  s u lfu r ic  ac id  ae ro so ls  using  co n cen tra tio n s  
between 2 -  bO mg/m3 and p a r t i c le s  th a t  had HMD's o f 0 .8 p , 2 .3  p. 
and r e s p e c t iv e ly .  The sm a lle s t p a r t ic le s  were found to  be f a r  
more e f f e c t iv e  than  the  o th e rs  in  causing  r e s p i r a to ry  s t r e s s .  Even 
a t  the low est c o n c en tra tio n  s tu d ied  th e  0 .8 p  MMD a e ro so l In creased  
PFR by 50$l t h i s  i s  a much la rg e r  change than  th a t  observed 
fo r  an e q u iv a le n t c o n c e n tra tio n  o f S02 . D ecrease in  dynamic 
compliance o f  th e  lungs was noted a t  th e  same tim e , and th e  r e s ­
p i r a t io n  r a t e  was observed to  in c re a se . Since p a r t ic u la te  r e te n t io n  
i s  in v e rse ly  r e la te d  to  flow  v e lo c ity  and th e re fo re  b rea th in g  r a t e ,  
Amdur su g g ests17 th a t  th e  In c rease  in  r e s p i r a t io n  r a te  may be a
r e f le x  a c t io n  o f th e  lungs to  p ro te c t  i t s e l f .  The la rg e r  
p a r t i c le s  d id  no t d isp la y  any s ig n i f i c a n t  e f f e c t  r.t a l l  except 
a t  th e  h ig h e s t  l im i t  o f th e  c o n c e n tra tio n  ran g e . T h is o b se rv a tio n  
i s  r e a d i ly  u n d ers tan d ab le  in  view o f th e  f a c t  th a t  th e  la rg e r  
p a r t i c le s  could  n o t e n te r  th e  tra c h e o b ro n c h ia l re g io n . The con­
c e n tr a t io n  v s . response  curves o f  s u l f u r ic  a c id  a e ro so l fo r  
v a r io u s  p a r t i c l e  s iz e s  a re  no t l in e a r  and i n t e r s e c t .  For th i s  
re a so n , i t  i s  im p ra c tic a l to  make g e n e ra liz e d  s ta tem en ts  reg a rd in g  
e f f e c t s  o f  p a r t i c l e  s iz e .  However, f o r  c o n c e n tra tio n  le v e ls  
l ik e ly  to  be encountered  in  am bient a i r ,  i t  may be s ta te d  th a t  th e  
e f f e c t  in c re a se s  w ith  d ec reasin g  p a r t i c l e  s i z e . 17
At th i s  p o in t  i t  i s  a ls o  w orthw hile to  re p e a t Junge and 
S c h e ic h 's  o b se rv a tio n 2 49 t h a t  m ost o f  th e  f r e e  a c id i ty  in  ambient 
urban  a i r  i s  a s s o c ia te d  w ith  p a r t i c le s  th a t  have d iam eters  lower 
th an  0 . 1n«
The e f f e c t s  o f  long term  exposures (21 hours d a i ly  fo r  620 
days) o f 0 .9  mg/m3 HsS04 ( ~ 0 .5 n  MMD) and l j . k  mg/m3 S02  tak en  one 
a t  a tim e and in  com bination upon beag les  has been re p o rte d  by 
Lewis e t  a l . 281  A r t i f i c i a l  im pairm ent was caused in  some o f  th e  
ex p erim en ta l an im als by p r io r  exposure to  g ro ss  le v e ls  o f  N02 . 
S u rp r is in g ly  enough, th e  'im p a ire d ' dogs fa re d  b e t t e r  th an  the  
normal ones in  every  c a se , which led  th e  in v e s t ig a to r s  to  conclude 
th a t  a lung p re v io u s ly  remodeled by a to x ic a n t i s  more d i f f i c u l t  
to  a l t e r  p h y s io lo g ic a lly  than  one which has never been exposed to  
to x ic  c o n c e n tra tio n  o f  a i r  p o l lu ta n t s .  This c o n c lu s io n  cannot 
p re s e n tly  be extended to  humans w ith  e x is t in g  r e s p i r a to r y  a ilm en ts
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w ith  any degree o f  c e r ta in ty .
The most n o ta b le  r e s u l t  o f th i s  r a th e r  e x te n s iv e  s tu d y  th a t  
invo lved  $ 2  dogs i s  a c le a r  c o r r e la t io n  between r e s p i r a to r y  
im pairm ent and th e  p resen ce  o f s u l f u r ic  a c id  a e ro s o l .  The ac id  
a e ro so l s ig n i f ic a n t ly  decreased  carbon monoxide d i f f u s io n  c a p a c ity , 
n e t lung volume, and caused s u b s ta n t ia l  in c re a se  in  t o t a l  e x p ira to ry  
r e s i s ta n c e .  T o ta l e x p ira to ry  r e s is ta n c e  i s  d i r e c t ly  r e la te d  to  
PFR. The ch ro n ic  in h a la t io n  o f  th e  a c id  a e ro so l a f f e c te d  th e  
conducting  airw ays as w e ll as th e  lung parenchyma. A decrease  in  
lung and h e a r t  w eights were noted upon postmortem e x a m in a tio n ,. 
A pparen tly  n e i th e r  th e  t o t a l  body w eight nor th e  w eigh ts  o f the  
sp leen  and th e  l i v e r  were a f f e c te d .  No g ro ss  p a th o lo g ic a l  
change o f th e  lu n g s , however, was o b serv ed . The a u th o rs  conclude 
th a t  r e l a t iv e ly  low le v e ls  o f  a e ro so l s u l f u r ic  a c id  can produce 
s e r io u s  pulmonary im pairm ents and i s  f a r  more e f f e c t iv e  in  doing so 
th an  s u l f u r  d io x id e  p re s e n t  in  a f a r  la r g e r  c o n c e n tra tio n .
These co n c lu s io n s  a re  w e ll s u b s ta n tia te d  by th e  work of 
A la r ie  e t  a l . 4 These w orkers s tu d ie d  a  t o t a l  o f  f o r ty - f iv e  monkeys 
fo r  e ig h te en  months w ith  H2SO4 c o n c e n tra tio n s  o f 0 . 1*, 0 . 5 , 2 . 1* 
and 1*.8 mg/m3 and th e  ac id  m ist p a r t i c l e s  had MMD's 2 . 2 , 0 *5 , 3 . 6  
and O.Tn- r e s p e c t iv e ly .  Except f o r  one p a r t ic u la r  exposure group 
(O.5  mg/m3 , D .5n, MMD) p a th o lo g ic a l  changes o f th e  lu n g s , namely 
th ic k e n in g  o f th e  w a lls  o f  th e  b ro n c h io le s  as w e ll as  th e  a lv e o l i ,  
and b ro n c h io la r  e p i t h e l i a l  h y p e rp la s ia  were observed in  every case . 
The change was s l i g h t  a t  th e  low est c o n c e n tra tio n  and sev ere  a t  
th e  h ig h e s t .  The in v e s t ig a to r s  r e p o r t  th a t  a c o n c e n tra tio n  of
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0 .4  mg/m3 w ith  a MMD o f 2.2p, i s  more hazardous th an  a c o n c e n tra tio n  
o f  0 . 5  rag/m3 w ith  a MMD o f 0.5^,, T his i s  d i f f i c u l t  to  understand  be­
cause  r e s u l t s  o f  o th e r  s tu d ie s  show in c re a s in g  e f f e c t s  w ith  d ec reasin g  
p a r t i c l e  s iz e .  I t  would appear th e r e fo re  f u r th e r  in v e s t ig a t io n s  
a re  necessary  b e fo re  any d e f in i t e  co n c lu s io n s  can be made reg a rd in g  
h azard  in d ex , c o n c e n tra tio n  and p a r t i c l e  s iz e .  A la r le ,  e t  a l .
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have compared th e  r e s u l t s  o f  th i s  s tu d y  w ith  th o se  o b ta in ed  in  t h e i r  
p rev ious s tu d ie s  w ith  N02 , phosgene and s u lf u r  d io x id e  and concluded 
th a t  s u l f u r ic  a c id  i s  a  deep pulmonary i r r i t a n t  l i k e  N02  and 
phosgene. At l e a s t  550 mg/m3 o f S02  would be n ecessa ry  to  produce 
a  pulmonary response  e q u iv a le n t to  th e  0 .4  mg/m3 H2 S04 s tu d ie d .
In  th e  same in v e s t ig a t io n  th e  au th o rs  exposed a  t o t a l  o f th re e  
hundred gu inea  p ig s  f o r  a  y ea r to  0 .1  mg/m3 (2 .8n  MMD) and 0 .0 8  mg/m3 
(0 . 8m- h 2S04; no s ig n i f ic a n t  p a th o lo g ic  changes were noted
upon post-m ortem  exam ination . The au th o rs  suggest th a t  th i s  i s  
com parable to  t h e i r  p rev io u s  s tu d ie s  on S02 exposure around th e  
p re sc r ib e d  th re sh o ld  l im i t  o f  15 mg/m3 .
A la r ie ,  e t  a l .  conducted a more re c e n t s tu d y 5 th a t  has 
a lre a d y  been r e f e r r e d  to .  They exposed a hundred and seventy  
monkeys and fo u r  hundred gu inea p ig s  to  r e l a t iv e ly  low le v e ls  o f 
S02 (0 .8  -  40 mg/m3 ) ,  H^O,^ (0 .1  -  1 mg/m3 MMD 0 .5  - 5.4^,) and f ly  
ash  (~  0 . 5  mg/m3 , MMD ■*» 5 ^) i n v a rio u s  com binations fo r  p e rio d s  o f 
a  y ea r and a  h a l f  and a y ea r  r e s p e c t iv e ly .  No synergism  was 
observed and th e  e f f e c t s  were a t t r i b u t a b l e  to  th e  a c id  m ist a lo n e .
No h e m a to lo g ic a l  o r  b io c h e m ic a l  ch an g e s  w ere  o b s e rv e d  and  a p p a r e n t ly  
g ro w th  r a t e  a l s o  rem a in ed  u n a f f e c t e d .  D e f i n i t e  h i s t o p a t h o l o g i c a l
changes in  th e  lungs however, was re v e a le d  in  every  case  of 
H2SO4 a e ro so l e x p o su re , re g a rd le s s  o f  p a r t i c le  s i z e .  The e f f e c t  
was sm a ll around 0 . 1  mg/m3 and pronounced a t  h ig h e r  le v e ls .
S ev e ra l o th e r  anim al s tu d ie s  have been  re p o r te d , p r im a r ily  due to  
B ushtueva , 70"9 Thomas e t  a l . , 405 T reon e t  a l . , 495  and P a t t l e  
e t  a l . 377  A ll th e s e  workers reach ed  th e  same g e n e ra l co n c lu sio n s  
on th e  b a s is  of l e s s  e x te n s iv e  s tu d ie s  and would n o t be d is ­
cussed  any f u r th e r .
For obvious re a s o n s ,  th e  amount o f d a ta  a v a i la b le  in  European 
and Am erican l i t e r a t u r e  on th e  c o n tro l le d  s u lf u r ic  a c id  exposure 
of human su b je c ts  i s  s c a n t .
A pparen tly  'v o lu n te e r s ' a re  more p l e n t i f u l  in  R u ssia . The 
bu lk  o f  th e se  d a ta  how ever, a re  a lm o st two decades o ld .  In  h is  
t r e a t i s e  on i n d u s t r i a l  to x ic o lo g y , H am ilton193 r e je c te d  th e  id e a  
t h a t  th e  in c id en ce  o f  b ro c h ia l  d is e a s e s  in  humans may be r e la te d  
to  in h a la t io n  o f s u l f u r i c  ac id  a e r o s o l .  L a te r  work by Amdur e t  a l . 1 
c le a r ly  e s ta b lis h e d  t h a t  b re a th in g  o f  H2S04 a e ro so l m is t produces 
r e s p i r a to r y  s t r e s s  in  human s u b je c ts .  A pproxim ately lji MMD 
a e ro s o l  was used , and th e  c o n c e n tra tio n  was v a r ie d  from O.5 5  "
5 mg/m3 . Exposure tim e  was v a r ie d  from 5 to  I 5 m in u te s . On th e  
a v e ra g e , 77$ of th e  a e ro so l was r e ta in e d  in  th e  r e s p i r a to ry  system . 
T h is e x te n t  of r e t e n t io n  i s  c o n s id e ra b ly  h ig h e r th a n  th a t  observed 
fo r  i n e r t  a e ro so l p a r t i c l e s  w ith  th e  same s iz e .  A pparen tly  
th e  h ig h  h y g ro sco p ic Ity  of s u l f u r ic  a c id  w ith th e  m o ist environm ent 
o f th e  lung leads to  g re a te r  r e t e n t io n .  A l ik e ly  h y p o th esis  
to  e x p la in  the in c re a se d  r e te n t io n  o f  h ig h ly  h y g roscop ic  a e ro so ls
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i s  th a t  th e  r e l a t iv e ly  sm all s iz e  a e ro so l p a r t i c le s  g rad u a lly  
grow in  s iz e  as they  t r a v e l  down th e  humid r e s p i r a to ry  t r a c t  and 
they  a re  n o t exhaled  e a s i ly  th e r e a f t e r .
Amdur, e t  a l . 10 re p o rte d  th a t  even a t  th e  low est c o n c e n tra tio n  
s tu d ied  (0 . 3 5  mg/m3 ) r e s p i r a to ry  s t r e s s  was in d ic a te d  by sh a llo w er 
b re a th in g  (low er t i d a l  volume) and in c re a se d  r e s p i r a t io n  r a t e .
The speed o f  o n se t and th e  e x te n t o f  th e  e f f e c t  was dependent on 
th e  c o n c e n tra tio n . While any c o n c e n tra tio n  lower th an  th e  recommend­
ed TLV o f 1 mg/m3 was no t p e r c e p t ib le  by th e  s u b je c ts  th em selv es , 
a l l  s u b je c ts  d e te c te d  th e  p resence  o f  con tam ination  when th e  
c o n c e n tra tio n  was in c reased  to  3 mg/m3 . F i f te e n  h e a lth y  males 
were chosen as  s u b je c ts  and to  p rev en t any psycho log ic  e f f e c t s  th e  
ap p ara tu s  was h idden  from t h e i r  v iew . F u r th e r ,  th e  exposures were 
s ta r te d  and stopped a t  tim es unknown to  th e  s u b je c ts .
Morando345  came to  th e  same co n c lu s io n s  u s in g  th e  same 
c o n c e n tra tio n  le v e ls  and exposure tim e s . He re p o rte d  however, a 
low er th re sh o ld  o f d e te c t io n .(0 .5  “ O .J  mg/m3 ) .  Sim and T a t t l e 's  
s tu d y 457 came n e x t b u t th e  c o n c e n tra tio n  le v e ls  used by them were 
so h igh  th a t  any e x tr a p o la t io n  to  am bient le v e ls  may be ten u o u s.
These workers used an ac id  m is t th a t  had p a r t i c l e  s iz e s  betw een 
ly, and 2 u, and re p o rte d  th a t  f o r  a g iven  c o n c e n tra tio n , la rg e r  
p a r t i c le s  w ith  lower a c id i ty  cause g r e a te r  r e s p i r a to ry  s t r e s s  th an  
sm a lle r  p a r t i c l e s  w ith  h ig h e r  a c id i ty .  These workers a lso  
re p o rte d  t h e i r  in c re a se d  s e n s i t i v i t y  towards th e  a c id  m ist as a  
r e s u l t  o f  th e  s tudy  they  had conducted . At th e  end o f  th e  s tu d y  
p e rio d  of 10 m onths, one o f  them developed a  m oderately  sev ere  b u t
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ex trem ely  p e r s i s t e n t  b r o n c h i t i s .  The in c re a se d  s e n s i t i v i t y  o f h is  
p h y s io lo g ic  system  re s u lte d  in  in te n se  b o u ts  o f coughing and 
wheezing when he was exposed to  th e  acid  m is t, however s l i g h t l y .  
Bushtueva77 s tu d ie d  ten  s u b je c ts  using  s u l f u r ic  a c id  a e ro s o l  o f  
u n sp e c if ie d  p a r t i c l e  s iz e  and c o n c e n tra tio n s  up to  6 mg/m3 . The 
l im i t  o f  p e rc e p tio n  as ev idenced  by th e  o n se t o f  la ry n g e a l I r r i t a t i o n  
s ta r t e d  around 1 .1  mg/m3 . Between 1 .1  and Q . k  mg/m3 , a l l  su b je c ts  
experienced  i r r i t a t i o n  a t  th e  b ase  o f th e  esophagus and s e v e ra l 
com plained about I r r i t a t i o n  o f  ey es . Above 2 , h  mg/m3 , a l l  su b je c ts  
ex p erien ced  sev ere  i r r i t a t i o n  o f  th e  mucous membranes and eye 
m ucosa. These le v e ls  a lso  t r ig g e re d  in te n s e  coughing, presum ably 
due to  a  r e f le x  mechanism. She a lso  re p o rte d  d i s t i n c t  r e f l e x  
changes in  r e s p i r a to ry  rhythm s and re la te d  p ro cesse s  a t  a l l  con- 
c e n tr a t io n s  over 1 mg/m3 , th e  e x te n t o f  th e  e f f e c t  in c re a se d  w ith  
in c re a s in g  c o n c e n tra tio n . The study o f Toyama and Nakamura493 
ap p ears  to  be th e  l a s t  r e p o r te d  work on c o n tro lle d  exposure o f  
human s u b je c ts .  T h e ir s tu d y  Involved p a r t i c le s  rang ing  from 1.8^ 
t o  k .6 \i  in  MMD and they re p o r te d  th a t  s u b s ta n t ia l ly  l a r g e r  changes 
in  PFR values a re  caused by th e  sm aller p a r t i c l e s .  These workers 
re p o rte d  o n se t o f  in c re a se s  o f  PFR values a t  le v e ls  as low as 
0 . 0 1  mg/m3 , b u t th e se  d a ta  seem to  be d o u b tfu l .
To summarize th e  s tu d ie s  o f  r e s p ir a to ry  s t r e s s  caused by 
In h a la t io n  o f  a e ro s o l  s u l f u r ic  a c id ,  th e  f a c t  must be p o in ted  out 
t h a t  th ese  s tu d ie s  were done w ith  young h e a lth y  a d u l t s , whose a b i l i t y  
to  compensate f o r  th e  s t r e s s  i s  much h ig h e r  th an  very  young 
c h i ld re n  or aged people o r  p e rso n s  a lread y  burdened by
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c a r d io - r e s p ir a to ry  d e f ic ie n c ie s .  In creased  PFR v a lu e s  fo r  the 
very  young and the aged a re  l ik e ly  to  b r in g  about bronchospasin 
even a t  low le v e ls ,  le a d in g  to  th e  same g en era l symptoms o f  w heezing, 
in c reased  s e c re t io n s ,  dyspnea, spasmodic coughing, c h e s t p a in s , 
in c re a sed  r e s p ir a to ry  r a t e s  (both  due to  r e f le x  a c t io n  and im paired 
gaseous exchange in  th e  a lv e o l i )  t h a t  a re  observed in  th e  h ea lth y  
s u b je c ts  a t  h ig h e r  l e v e l s .
Russian scientists have studied in great detail the effects of 
aerosol sulfuric acid, either by itself or in conjunction with 
S02 , upon the Interrelationship of sensory modalities and cerebral 
cortical functions such as optical chronaxy (time threshold 
necessary for the appearance of light sensation), dark adaptation 
(intensity of light necessary for detection after adaptation 
in complete darkness), alteration of alpha-rhythm (monitored by 
continuous electroencephalography) and general conditioned reflex.
An account o f th i s  work i s  g iven  in  th e  EPA p u b l ic a t io n 503 e d ite d  
by Amdur and o th e rs .  The to x ic o lo g ic  s ig n if ic a n c e  o f  such s tu d ie s  
i s  u n c e r ta in  a t  b e s t .  In  term s o f l im i ts  o f d e te c t io n ,  th e  percep­
t io n  th re sh o ld  v a r ie s  betw een 0 . 6  -  0 . 8  mg/m3 H^O^, fo r  e i th e r  
su p p ress io n  o f dark a d a p ta t io n , e le v a t io n  o f  o p t ic a l  chronaxy o r 
d is ru p t io n  o f a lpha rhy thm s. This c o n c e n tra tio n  a ls o  happens to  be 
roughly th e  odor th re sh o ld  fo r  th e  a c id  a e ro so l as w e ll as the  
th re sh o ld  f o r  th e  o n se t o f  mucosal i r r i t a t i o n .  Somewhat lower le v e ls  
(0 . U mg/m3 ) a re  p e r c e p t ib le  through changes in  th e  e l e c t r o c o r t i a l  
r e f le x .
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E ffe c ts  o f P a r t i c u la te  S u lfa te
The f a c t  th a t  s u lf a te s  c o n s t i tu te  a la rg e  p a r t  of th e  atmos­
p h eric  a e ro so l burden i s  r e l a t iv e ly  re c en t knowledge and the  
amount o f d a ta  a v a ila b le  on t h e i r  to x ic  e f f e c ts  i s  scan ty . The 
sp ec ies  th a t  have been s tu d ie s  a re  mangananese ( i l )  s u l f a t e ,  zinc 
s u l f a t e ,  ammonium s u l f a te ,  z in c  ammonium s u l f a t e ,  iro n  ( i l )  s u lf a te  
and iro n  ( i l l )  s u l f a te .  Using co n c en tra tio n s  o f 1 mg/m3 n e ith e r  
manganese ( i l )  s u lf a te  nor iro n  ( I I )  s u l f a te  was found to  cause any 
p e rc e p tib le  change in  r e s p ir a to ry  param eters . In c o n t r a s t ,  the 
same c o n c e n tra tio n  o f iro n  ( i l l )  s u l f a te  was found to  cause a 77$> 
in c re a se  in  PFR in  guinea p ig s  exposed fo r  an hour. Using roughly 
th e  same c o n c e n tra tio n  bo th  ammonium s u l f a te  and z in c  s u lf a te  
a e ro so ls  were found to  in c re a se  pulmonary flow re s is ta n c e  s e v e ra l ' 
tim es more than  th a t  caused by an eq u iv a len t amount o f SOg. Between 
z inc  s u l f a te  and ammonium s u l f a t e ,  th e  former was found to  be th e  
more hazardous . 18
Zinc ammonium s u l f a te  appears to  be th e  most thoroughly  s tu d ied  
s u lf a te  s a l t  in  t h i s  c o n te x t. The in t e r e s t  in  t h i s  compound 
probably o r ig in a te d  a f t e r  i t s  presence in  s u b s ta n t ia l  q u a n ti t ie s  
was rep o rted  during  th e  acu te  p o llu t io n  ep isode in  Donora, Pa. 
According to  th e  s tu d ie s  o f Amdur and Corn , 15 as a r e s p ir a to ry  
i r r i t a n t  th is  compound has th e  same o rd e r o f potency as a e ro so l s u l­
f u r i c  a c id , a f a c to r  of two g re a te r  than  zinc s u lf a te  and about 3 o r 
li tim es g re a te r  than  ammonium s u l f a te .  The e x te n t o f pulmonary 
e f f e c ts  in c re a se s  l in e a r ly  w ith  decreasin g  p a r t i c le  s iz e  (range 
s tu d ied  0 .3  - 1 . ^  MMD) and in c re a s in g  co n c en tra tio n  (up to
66
2+ mg/m3 ) .  Using a c o n c e n tra tio n  o f 1 mg/m3 th e  0 .3n  MMD ae ro so l 
was found to  in c re a se  PFR by 80$; th i s  in c rease  i s  an o rd e r of 
magnitude g re a te r  than  th a t  produced by an e q u iv a len t co n ce n tra tio n  
o f  S02. Nadel349 s tu d ied  th e  e f f e c ts  o f  z inc  ammonium s u lf a te  
on c a ts .  Very s h o r t  exposure tim es (3  m in s.)  and h igh  con cen tra ­
t io n s  (2*0 -  50 mg/m3 ) of th e  ae ro so l was used in  th i s  s tu d y . The 
same general symptoms rep o rted  by Amdur and Corn fo r  guinea pigs 
exposed longer to  lower co n cen tra tio n s  were observed.
A pparently no s tu d ie s  have been done on ammonium b i s u l f a t e .  
I n tu i t iv e ly  one would guess th a t  as a re s p ir a to ry  i r r i t a n t  th is  
compound probably  poses th e  same degree of hazard  as s u lfu r ic  acid  
a e ro so l. E xhaustive d a ta  a re  a ls o  so re ly  needed to  s u b s ta n tia te  
th e  e f f e c ts  o f ammonium s u l f a te  a e ro so l o f v a rio u s  s iz e  c la s se s  and 
d i f f e r e n t  c o n c e n tra tio n s , e s p e c ia lly  because ammonium s u l f a te  is  
q u ite  o f te n  th e  p re v a le n t compound in  ambient a i r .
SOME ACUTE EPISODES
Meuse Valley, Belgium, l950l Week long adverse weather conditions 
precipitated a severe pollution episode in this highly industrialized 
area containing coke ovens, blast furnaces, steel mills, glass 
factories, smelters and sulfuric acid plants. Respiratory illness 
was widespread and led to 60 deaths that were attributed to the 
polluted air.317 FIrket155 commented prophetically that if such 
an episode were to occur at London, there could be 3200 excess deaths. 
Suspected culprits: Sulfur dioxide and related oxidation products.
Donora, Pennsylvania, 1948: Five day long adverse weather condi­
tions precipitated an episode in this relatively small town that
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was to  be e tched  in  every  r e s i d e n t ’s memory fo re v e r . Twenty 
people d ied  o f r e s p i r a to ry  a f f l i c t i o n s .  Many, many more were i l l .
The su rround ing  in d u s t r ie s  in c lu d ed  a s t e e l  m i l l ,  a la rg e  z in c  
p ro d u c tio n  p la n t  and a  s u l f u r ic  a c id .p la n t .
Suspected  c u lp r i t s :  S u lfu r  d io x id e  and r e la t e d  o x id a tio n  p ro d u c ts ,
z in c  s a l t s  and f lu o r id e s { ? ) . 493
London, England, 1952: F i r k e t 's  prophecy was j u s t  a l i t t l e  s h o r t
o f what was to  happen. Not $2Q0 b u t approx im ate ly  1<000 excess 
d ea th s  a t t r i b u t a b l e  to  d e te r io r a te d  a i r  q u a l i ty  occurred  d u rin g  a 
f iv e -d a y  ep iso d e  o f sev ere  fog and p o l lu t io n .  Extrem ely ad v erse  
w eather c o n d itio n s  and m oderate ly  severe p o l lu t io n  ep iso d es  lead in g  
to  m easurably  excess dea ths were n o t new to  Londoners. Such 
ep iso d es  have been reco rded  f o r  th e  y ea rs  1875> 1880, 1882, I8 9 lj  
1892 and 191*8. However, n o t a  s in g le  one had ever reached th e  
c a ta s tro p h ic  p ro p o rtio n s  o f th e  '52  e p iso d e , and s in c e  th e n , a lthough  
r e l a t i v e ly  m inor ep isodes have o ccu rred  in  1959  and I 9 6 2 , th e  
Londoners have been spared  th e  m agnitude and h o r ro r  o f th e  m assive 
p o l lu t io n  th a t  stopped th e  c i t y  in  I 9 5 2 .*
Suspected c u l p r i t s :  S u lfu r  d io x id e , s u l f u r ic  a c id ,  suspended
s u l f a t e s . 406
^ I n te r e s t in g ly  enough some 700 y ea rs  ago th e  Queen o f England moved 
h e r  re s id e n c e  from London to  Nottingham  to  g e t  ou t o f th e  p o llu te d  
a i r .  A nother 300 y e a rs  l a t e r  th e  kind W estm in is te r b rew ers o ffe re d  
to  burn  wood in s te a d  o f  c o a l because  o f Queen E l iz a b e th 's  a l le r g y  to  
c o a l smoke. At one tim e l e g i s l a t i o n  was passed  p ro h ib i t in g  th e  use 
o f c o a l in  th e  c i t y  o f  London w h ile  th e  p a r lia m e n t was In  s e s s io n . 33 
R e fe rr in g  to  th e  re c e n t E nglish-Sw edish d is p u te s  in  th e  U .N ., i t  
would appear th a t  th e  E n g lish  s t i l l  have a long  way to  go.
Hew York C i ty ,  1955: S t a t i s t i c a l l y  s ig n i f i c a n t  number o f excess
due to  r e s p i r a to r y  and r e la te d  a f f l i c t i o n s  were re p o rte d  during  
and a f t e r  a f iv e -d a y  p o l lu t io n  ep iso d e .
Suspected c u l p r i t s :  S u lfu r  d io x id e  and u n c h a ra c te r iz e d  p a r t ic u la te
m a te r ia l . 500
E a ste rn  U nited  S t a t e s , 1962: O utbreak o f  r e s p i r a to ry  d iso rd e rs  and
a number o f excess d ea th s  a t t r i b u t a b l e  to  poor a i r  q u a l i ty  were 
recorded  in  W ashington, P h ila d e lp h ia ,  C in c in n a ti  and New York C ity . 
Suspected c u l p r i t s :  S u lfu r  d io x id e  and u n c h a ra c te r iz e d  p a r t ic u la te
m a te r ia l . 501
London, England. 1962: Seven hundred excess deaths occurred.
Concentration of particulate material was less than the I952 episode. 
Suspected culprits: Sulfur dioxide, sulfuric acid and suspended
sulfates. 446
R otterdam , N e th e rla n d s , 1962: A severe  o u tb reak  o f r e s p ir a to ry
d iso rd e rs  was observed . The measured S0£ le v e l  ro se  to  f iv e  tim es 
i t s  normal v a lu e . Some excess deaths and la rg e  s c a le  absenteeism  
was a lso  re p o r te d .
Suspected c u l p r i t s :  S u lfu r  d iox ide  and r e la te d  o x id a tio n  p ro d u c ts . 246
Hamburg, Germany, 1962: The s i tu a t io n  was id e n t ic a l  to  Rotterdam .
In a d d itio n  to  in c reased  le v e ls  o f S02 , measured v a lu es  in d ic a te d  
a doubling  o f c o n c e n tra tio n  o f  p a r t ic u la te  m a tte r . H o sp ita l 
adm ission f o r  r e s p i r a to ry  d ise a se s  and d e a th  due to  such causes 
became h ig h .
Suspected c u l p r i t s :  S u lfu r  d io x id e  and r e la te d  o x id a tio n  p ro d u c ts . 180
Osaka, Ja p a n . 1962: S ix ty  excess dea ths occu rred  due to  a four-day
a i r  p o l lu t io n  e p iso d e .
S uspected  c u lp r i t s :  S u lfu r  d io x id e  and u n c h a ra c te r iz e d  p a r t ic u la te
m a t te r . 190
Community H ealth  S tu d ies
Epidem iologic s tu d ie s ,  u n lik e  experim en ta l to x ic o lo g y , d ea l 
w ith  th e  a c tu a l  environm ent and th e re fo re  a re  in h e re n tly  su p e rio r  
f o r  e v a lu a tio n  o f h a z a rd s . The problem  w ith  such s tu d ie s ,  how ever, 
i s  th a t  n e i th e r  th e  f a c to rs  a re  c o n t r o l la b le ,  no r i s  th e re  a 
h ig h  p ro b a b i l i ty  o f  r e l a t in g  a s in g le  event to  a s in g le  cause. 
E pidem iologic s tu d ie s  by th e i r  own v i r tu e  a re  based e n t i r e ly  on 
s t a t i s t i c a l  c o r r e la t io n .
D e ta i ls  o f  d i f f e r e n t  ep idem io log ic  s tu d ie s  conducted in  v a rio u s  
p a r t s  o f  th e  world have been p u b lish e d . 502 There i s  no doubt 
th a t  d ea th  and i l l n e s s  due to  r e s p i r a to ry  d iso rd e rs  i s  w ell c o r re la te d  
w ith  h ig h  le v e ls  o f s u lf u r  d io x id e  and p a r t ic u la te  m a tte r .  In  
most o f th e se  s tu d ie s  a v a i la b le  tech n iq u es d id  n o t p erm it r e l i a b l e  
measurement o f s u l f u r ic  ac id  and o th e r  s u l f a te  a e ro s o l  le v e ls .
From our p rev ious d is c u s s io n s ,  how ever, i t  i s  obvious th a t  th e se  
compounds a re  bound to  be a s so c ia te d  w ith  s u lf u r  d io x id e  and p a r t i ­
c u la te  m a t te r ,  e s p e c ia l ly  under adverse  w eather c o n d it io n s .
In re c e n t y e a rs  sim ple tech n iq u es  became a v a i la b le  fo r  m easuring 
suspended s u l f a t e s .  In  urban a re a s  a s tro n g  c o r r e la t io n  was 
observed between in d u s t r i a l  absen tee ism  due to  r e s p i r a to ry  i l l n e s s  
and th e  atm ospheric s u l f a te  l e v e l . 129"30 A s im ila r  c o r re la t io n  
a p p a re n tly  e x is t s  f o r  school absen teeism  as w e l l . 20
S ta r t in g  In  I9 6 8 , EPA, in  c o l la b o ra t io n  w ith  p u b lic  h e a lth  
a u th o r i t i e s ,  began i t s  CHESS (Community H ealth  and Environm ental 
S u rv e illan ce  System) program. From th e  re p o rts  a lready  a v a i la b le 455 
th e re  seems to  be l i t t l e  doubt th a t  a c o r re la t io n  e x is ts  between 
th e  co n cen tra tio n  o f suspended s u l f a te  and th e  frequency o f incidence 
o f  acu te  and ch ron ic  r e s p ir a to ry  d iso rd e rs  in  a d u lts  as w ell as 
c h ild re n . This r e p o r t  a ls o  s ta te s  th a t  in  urban areas s u lf a te  
ae ro so l p o llu t io n  r i s k  f a c to rs  may be as h igh as th a t  involved in  
c ig a r e t te  smoking.
Because o f a number o f d i f f i c u l t i e s  ( to  be described  in  
Chapter v ) ,  i t  i s  s t i l l  no t p o ss ib le  to  measure s u lfu r ic  acid  
ac c u ra te ly  in  the  am bient a i r .  S u lfu r ic  ac id  has been shown to  be 
a more hazardous contam inant than most suspended s u lf a te s  and s u lfu r  
d iox ide .
There i s  no q u e s tio n  th a t  an u rg en t need e x is ts  fo r  b e t te r  
a n a ly t ic a l  methods in  co n junction  w ith  s iz e  d isc r im in a tin g  samplers 
fo r  the s p e c if ic  d e te rm in a tio n  of a irb o rn e  s u lfu r ic  ac id  and s u lf a te s  
so th a t  th e  e f f e c ts  o f  a c tu a l  urban le v e ls  o f ae ro so l s u lf u r ic  ac id  
and s u lf a te  may be s tu d ie d  on a epidem iologic b a s is .
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CHAPTER IV 
THE DETERMINATION OF AQUEOUS SUEFATE
"A man would do noth ing  i f  he w aited u n t i l  he could do i t  so w ell 
th a t  no one would f in d  f a u l t  w ith what he has done."
-  C ard ina l Newman
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A f a s t  and s e n s i t iv e  aqueous s u lf a te  d e te rm in a tio n  techn ique 
was f i r s t  developed during  th e  co u rse  o f th e  p re se n t work.
Because most ro u tin e  a irb o rn e  s u l f a te  d e te rm in a tio n s  involve 
the  d e te rm in a tio n  o f th e  t o t a l  so lu b le  s u lf a te s  c o lle c te d  on the 
sam pling f i l t e r  a f t e r  d is s o lu t io n ,  a review  o f  th e  methods fo r  
determ ining  aqueous s u l f a te  i s  p re se n te d .
Q uite a s id e  from th e  environm ental a sp e c ts  o f  determ ining  
a e ro so l s u lf u r ic  ac id  and o th e r  s u lf a te s  in  a i r ,  d e te rm in a tio n  of 
s u lf a te  in  w a te r , e s p e c ia lly  in  tra c e  q u a n ti t ie s  has o ffe re d  a 
ch allenge  to  re sea rc h e rs  fo r  a long tim e. In  terms o f  tim e , e f f o r t  
and in g en u ity , i t  i s  d o u b tfu l w hether any o th e r  anion has rece iv ed  
so much a t te n t io n .  The a v a ila b le  l i t e r a t u r e  co n ta in s  l i t e r a l l y  
hundreds o f re p o rts  th a t  d e sc rib e  'new1 methods o f  determ ining  
s u lf a te  and s e v e ra l hundred more th a t  propose minor m o d ifica tio n s  
to  e x is t in g  ones and /o r d e sc rib e  t h e i r  a p p lic a tio n s  in  r e a l  
s i tu a t io n s .  I t  i s  alm ost im possib le  to  w r ite  an ex h au stiv e  review 
o f th e  a v a ila b le  l i t e r a t u r e  on th e  d e te rm in a tio n  o f aqueous s u lf a te  
and in  t h i s  ch ap te r only  th e  h ig h lig h ts  w il l  he co n sid e red .
A rem arkably thorough review  of aqueous s u lf a te  d e te rm in a tio n  
procedures has been given by Thoma483 in  a re c e n t d i s s e r ta t io n ,  
and th e  more in te re s te d  re a d e r  i s  re fe r re d  to  th i s  sou rce .
High s u lf a te  co n c en tra tio n s  in  d rin k in g  w ater leads to  
g a s t r o e n te r i t i s  in  c h ild re n 101 and in  g en era l h igh  le v e ls  
(> 600 ppm) e x e r t C a th a r tic  e f f e c t s . 337  E xcessively  h igh le v e ls  
1000 ppm) leads to  hypocalcaem ia, hyperphosphataem ia (su g g estin g  
p a ra th y ro id  h y p o fu n c tio n ), low u r in a ry  pH ( le ad in g  to  u r ic
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n e p h r o l i th ia s i s )  and m assive u r in a ry  s u l f a t e  e x c re tio n  and 
m etab o lic  a c id o s i s .58 U .S. P u b lic  H ealth  d rin k in g  w a te r s ta n d a rd s479 
s t a t e  a  maximum allo w ab le  c o n c e n tra tio n  o f  25O ppm i n  d rin k in g  w a te r . 
However, th e  i n t e r e s t  in  d e te rm in a tio n  o f aqueous s u l f a t e ,  
e s p e c ia l ly  in  t r a c e  q u a n t i t i e s ,  can h a rd ly  be a t t r i b u t a b l e  to  th e  
study  o f  anim al and human h e a l th  e f f e c ts  because th e  re g u la to ry  
s tan d a rd s  have been in tro d u ced  only r e l a t iv e ly  r e c e n tly  and f u r th e r ,  
th e  d e te rm in a tio n  o f s u l f a te  c o n c e n tra tio n  g re a te r  th an  100 ppm i s  
n o t g e n e ra lly  regarded  as a  problem .
One may j u s t i f i a b l y  conclude th a t  th e  r e a l  reason  behind th e  
e a r ly  in t e r e s t  in  developing  t r a c e  aqueous s u l f a te  d e te rm in a tio n  
p rocedures was more e s th e t ic  th an  any th ing  e l s e .
Follow ing th e  d isco v ery  o f  n a tiv e  barium  ca rb o n a te  (w i th e r i te )  
in  I 7 8 2 , W ithering 535 proposed th e  barium  s u l f a te  p r e c ip i ta t io n  
t e s t  f o r  s u l f a te  in  1781*. Even to  th i s  d a te  th e  sim ple g ra v im e tr ic  
d e te rm in a tio n  as barium  s u l f a t e  rem ains th e  re fe re n c e  method fo r  
th e  d e te rm in a tio n  o f  s u l f a t e .  Perhaps t h i s  f a c t  a lone i s  enough 
o f a  ch a llen g e  to  th e  in n o v a tiv en ess  o f mankind and new s u lf a te  
d e te rm in a tio n  methods are  co n tin u o u sly  b e in g  developed.
In  th e  fo llo w in g  d e s c r ip t io n ,  the  v a r io u s  s u l f a te  determ ina­
t io n  methods ( in c lu d in g  th e  more im portan t m o d if ic a tio n s )  has been 
b ro ad ly  c l a s s i f i e d  on th e  b a s is  o f  th e  ch em istry  invo lved  r a th e r  
th an  on a b a s is  o f  s p e c if ic  in s tru m e n ta tio n . H op efu lly , t h i s  
would g ive  th e  re a d e r  a b e t t e r  p e rsp e c tiv e  and would show how 
l i t t l e  new chem istry  was invo lved  in  th e  developm ental p ro cess  
encompassing a lm ost two hundred y e a rs . At th e  end o f t h i s  ch ap te r
a flow chart d e p ic ts  th e  essence o f the  v arious aqueous s u lf a te  
d e te rm in a tio n  methods.
A. Methods Involv ing  P r e c ip i ta t io n  o f an In so lu b le  S u lfa te  or 
The Form ation o f a S u lfa to  Complex 
A -I. Methods Dependent on Form ation o f  In so lu b le  Barium S u lfa te  
Roughly 80$ o r more o f a l l  methods developed f a l l  in to  th is  
c a teg o ry . This i s  no t s u rp r is in g  in  view o f the  f a c t  th a t  
barium s u lf a te  i s  th e  most in so lu b le  s u lf a te  ( s o lu b i l i ty  2 . 1*6 mg/1  
a t 25°C) 522 known.
A-X.a. G ravim etric Method
This i s  th e  tim e te s te d  s u lf a te  d e te rm in a tio n  procedure 
w ithout a  d e s c r ip tio n  o f which even th e  most humble te x t  on a n a ly t i ­
c a l  chem istry  i s  incom plete. The g rav im e tric  method has been 
designated  as th e  p re fe r re d  o r th e  s tandard  re fe ren ce  method by 
ASTM33 and a lso  th e  most accu ra te  method by APHA, AWWA and WPCF479 
fo r  s u lf a te  co n ce n tra tio n s  o f 10 ppm and above. A d e s c r ip tio n  o f 
the  procedure i s  a v a ila b le  in  any s tandard  te x t  o r a n a ly t ic a l  
manual. The main e r ro rs  Involved a r i s e  p r im a rily  from c o p re c ip ita ­
t io n  of undesired  a n io n s /c a tio n s , barium s u lf a te  being  one of 
th e  b e s t known c a r r i e r s .  A d e ta i le d  account o f th e  e r ro rs  involved 
in  th e  g rav im e tric  s u lf a te  d e te rm in a tio n  is  given in  K o lth o ff and 
S a n d e ll 's  c la s s ic  te x t  on a n a ly t ic a l  ch em istry . 260 
A -I-b . T u rb id im etrlc  and Nephelom etric Methods
The f i r s t  tu rb ld im e tr ic  method was rep o rted  by Hinds206  a t 
the tu rn  o f  th e  cen tu ry . He used a candle as the  l ig h t  so u rce , a 
graduated c y lin d e r  as a v a r ia b le  p a th len g th  c e l l  and the  eye as the
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d e te c tin g  d ev ice . Jackson229 made se v e ra l m o d ifica tio n s  to  H ind 's  
crude instrum ent and improved the  r e l i a b i l i t y  o f th e  method.
The only o th e r  notew orthy tu rb id im e tr ic  method th a t  used the  eye 
as a d e te c to r  i s  th a t  due to  Sheen, e t  a l . 452 who designed an 
ingenious ap p ara tu s. They illu m in a ted  th e  barium s u lf a te  suspension 
by a l ig h t  b u lb . The tra n sm itte d  l ig h t  went through a s l i t  system 
to  an eyep iece and the s c a t te re d  l ig h t  was r e f le c te d  to  a second 
eyep iece . The o p era to r v is u a l ly  compared the  two in te n s i t i e s  
and a d ju s te d  th e  s l i t  u n t i l  they were th e  same. S tandard c a l ib r a ­
t io n  curves were drawn in  term s of th e  num erical s e t t in g  of the  s l i t .
P re c is io n  and r e p ro d u c ib i l i ty  improved a t  th i s  tim e as a 
r e s u l t  o f  th e  a v a i l a b i l i ty  o f a photom etric d e te c to r  and th e  need 
fo r  c o n d itio n in g  agents to  promote uniform ly s ized  barium s u lf a te  
p a r t ic le  form ation was recogn ized . During th is  p e r io d , Hibbard204  
appears to  be the l a s t  to  re p o rt  a barium  s u lf a te  tu rb id i t im e tr ic  
method w ith o u t use of an a d d it iv e  and Owe375 th e  f i r s t  worker 
who in troduced  them. H ydrochloric  a c id  by i t s e l f  o r in  con junction  
w ith sodium ch lo rid e  was g e n e ra lly  used and numerous re p o rts  were 
published  th a t  claimed improvements w ith more e x o tic  suspending 
ag en ts . Some examples a r e :  glycine-gum a r a b ic , 515 g e l a t i n , 243
g ly ce ro l-g lu co se -h y d ro ch lo ric  a c id , 97  e th an o l-d ip ro p y len e  g ly c o l , 491 
magnesium ch loride-sod ium  ace ta te -p o tass iu m  n i t r a t e - a c e t i c  a c id , 424  
e tc .  C u rren tly  the APHA, s tandard  method479 uses g ly c e ro l-e th a n o l-  
h yd ro ch lo ric  acid-sodium  c h lo r id e  as the  co n d itio n in g  reag en t.
R eporting  s l ig h t  m o d ifica tio n s  th a t  claim  some improvement 
in  an o th erw ise  e s ta b lis h e d  procedure has been th e  ru le  ra th e r  than
th e  ex cep tio n  among th e  v a rio u s  re p o rte d  s u lfa te  d e te rm in a tio n  
methods. To what e x ten t a c tu a l  Improvements were achieved and 
was no t sim ply the b ia s  o f  the  experim enter is  an y o n e 's  guess.
The clim ax in  th is  p a r t ic u la r  in s tan ce  was reached w ith  the r e l a t i v e ­
ly  recen t ( 1968 ) rep o rt o f  Wimberley. 564  He c a te g o r ic a l ly  s ta te d  
th a t  a d d itiv e s  serve l i t t l e  purpose and recommended th a t  a d d itiv e s  
be a l to g e th e r  dispensed w ith  s ince few er m anipulations are 
requ ired  when no a d d itiv e s  a re  used.
The f i r s t  repo rted  use  o f a spectrophotom eter in  barium 
s u lf a te  tu rb id im etry  seems to  be th a t  o f Thomas and C otton . 261 
They c a r r ie d  out th e i r  measurements a t  38O nm using  1 cm c e i ls .
Since then  v arious w avelengths and p a th  lengths have been used fo r  
measurement. 9 7 ,2 6 1 ,4 2 4 ,5 3 4  The APHA standard  method479 s p e c if ie s
a measurement wavelength o f 1|20 nm and a b-5  cm p a th le n g th  c e l l .
A -I-c . T i t r im e tr ic  Methods
I n i t i a l l y ,  t i t r i m e t r i c  methods fo r  determ ining s u lf a te  were 
developed because of a need of a f a s t e r  and less  te d io u s  method 
than g rav im etry . So many d i f f e r e n t  t i t r im e t r i c  approaches have 
been developed th a t  some s u b c la s s if ic a t io n  is  n e ce ssa ry .
A -I-c—1. In d ire c t  T i t r im e t r ic  Methods: Three broad c la sse s  o f 
t i t r im e t r i c  approaches can be im m ediately recognized . Chronologi­
c a l ly  th e  f i r s t  c la s s  comprised of th e  in d ire c t  methods in  which 
the  sample so lu tio n  c o n ta in in g  s u lf a te  i s  tre a ted  w ith  a second 
and somewhat more so lu b le  barium s a l t  (as  compared to  barium s u l f a t e ) ,  
such as chrom ate, io d a te ,  o x a la te  phosphate , c a rb o n a te , s te a r a te ,  
p a lm ita te  and lau ry l s u l f a t e .  R espective s o lu b i l i t i e s  in  mg/1 a re :
3 .4 ,  8 0 , 9 3 , d a ta  no t a v a i la b le ,  2 0 , 40, 40 and d a ta  n o t a v a i la b le . 522 
E ith e r  a  o n e -s tep  o r  a tw o-step  p r e c ip i ta t io n  p rocess  was used .
The o n e-s tep  p ro cess  involved d i r e c t  tre a tm e n t o f th e  sample s o lu t io n  
w ith  th e  in so lu b le  s a l t .  The tw o -step  p ro cess  invo lved  trea tm en t 
o f  th e  sample s o lu t io n  w ith  an a liq u o t  o f  a barium  s a l t  (u su a lly  
barium  c h lo r id e ) ,  to  p r e c ip i t a te  barium  s u lf a te  which may o r may 
n o t be f i l t e r e d  o f f  a t  t h i s  s ta g e . I t  was then  follow ed by an a l i ­
quot o f th e  an ion  (g e n e ra lly  in  th e  form o f i t s  a l k a l i  m eta l s a l t )  
in  an amount e q u iv a le n t to  th e  amount o f barium  added. This an ion  
forms an in so lu b le  s a l t  w ith  barium . Barium s u l f a t e ,  being  le s s  
so lu b le  than  any o th e r  barium  s a l t  does no t undergo m eth a th esis  
and a co rrespond ing  amount o f th e  added anion rem ains in  s o lu t io n . 
A f te r  th e  p r e c ip i t a te  i s  f i l t e r e d  o f f ,  t h i s  anion o r  i t s  h y d ro ly s is  
p ro d u c t, (g e n e ra lly  th e  hydroxyl io n ) i s  then  t i t r a t e d  using  
v a rio u s  types o f a n a ly t ic a l  f in i s h .
A - i - c - l a .  Methods Using Barium Chromate: By f a r  th e  la r g e s t
number o f  in d i r e c t  t i t r i m e t r i c  methods u t i l i z e  barium  chrom ate.
I t  i s  a t t r a c t iv e  because o f  i t s  low s o lu b i l i t y  (alm ost as low as 
barium  s u l f a t e ) , th e  f a c t  th a t  i t  can e a s i ly  be d isso lv e d  in  ac id  
w ith o u t d e s tro y in g  th e  an ion  ( c f .  ca rb o n a te ) o r p r e c ip i ta t in g  th e  
co rrespond ing  a c id s  ( c f .  s t e a r a t e ,  p a lm l ta te ) .  The in te n se  c o lo r  
o f th e  chromate an io n  and a ls o  th e  c a p a b i l i ty  o f  th e  l a t t e r  to  
fu n c tio n  as a  s tro n g  o x id iz in g  agen t made d e te rm in a tio n s  v ia  chrom ate 
a t t r a c t i v e .
The f i r s t  re p o rte d  method u s in g  barium  chromate seems to  be 
th a t  due to  Andrews21 who t r e a te d  th e  sample s o lu tio n  w ith  a
s o lu t io n  o f barium  chrom ate in  a c id ,  n e u tra l iz e d  i t ,  and 
f i l t e r e d  o f f  th e  barium  s u l f a te  and th e  barium  chrom ate. He 
then  determ ined th e  chrom ate in  th e  f i l t r a t e  io d o m e tric a lly  u s in g  
s tan d a rd  sodium th io s u l f a te  and s ta rc h  In d ic a to r .
Sm ith402  m odified  t h i s  one s te p  p ro cess  in to  a two s te p  
p r e c ip i ta t io n  p ro c e ss , f i r s t  p r e c ip i ta t in g  th e  s u l f a te  w ith  a known 
a l iq u o t  o f  s tan d a rd  barium  c h lo r id e  follow ed by an a l iq u o t  o f 
s tan d a rd  po tassium  chrom ate (o r  d ichrom ate264) in  ex c e ss . As b e fo re  
th e  p r e c ip i ta te d  s o lid s  were f i l t e r e d  o f f  and th e  chromate was 
determ ined by iodom etry . A c a r e fu l  c o n tro l  o f pH was necessary  
to  en su re  com plete p r e c ip i ta t io n  o f barium  chrom ate.
As a l t e r n a t iv e s  to  th e  iodom etric  d e te rm in a tio n  o f chrom ate, 
v a rio u s  o th e r  methods have been re p o r te d . They in c lu d e : t i t r a t i o n
w ith  a s tan d ard  s o lu t io n  o f  iro n  ( i l )  (u s in g  f e r r ic y a n id e 419 o r 
f e r r o in 169 as in d ic a to r ) ,  s tan d a rd  barium  ion  s o lu t io n 232  (en d p o in t: 
d isap p earan ce  o f ye llow  chrom ate c o lo r  from th e  s o lu t io n .  O ther 
endpo in t d e te c tio n  methods u t i l i z e d  in  d i r e c t  t i t r i m e t r i c  methods 
a re  a ls o  a p p l ic a b le ,  see s e c t io n  A-I-c-3) and s tan d a rd  t i n  ( i l )  
s o lu t io n  (mercury ( I I )  c h lo r id e  in d ic a to r ) . 402
Andrews22  developed what i s  probably  th e  most complex 
I n d ir e c t  t i t r i m e t r i c  p rocedure  th a t  invo lved  barium  chrom ate. He 
t r e a te d  th e  sample w ith  a  m ix tu re  o f sodium a c e ta te  and barium  
chrom ate, a d ju s te d  th e  pH to  b a s ic ;  b o ile d  and f i l t e r e d  o f f  th e  
p r e c ip i ta te .  He th en  a c id i f ie d  th e  f i l t r a t e  and reduced i t  to  
chromium ( i l l )  w ith  an excess a l iq u o t  o f s tan d a rd  iro n  ( I I )  s o lu t io n  
and back t i t r a t e d  th e  excess iro n  w ith  s tan d ard  perm anganate.
The chromate methods were su b je c t to  a number o f e r r o r s , 322 
a r is in g  p rim a rily  due to  th e  in te r fe re n c e  o f o th e r an ions th a t  
form in so lu b le  barium s a l t s ,  e s p e c ia lly  phosphate. O ther In d ire c t  
methods were developed p r im a rily  in  an e f f o r t  to  minimize or 
e lim in a te  th ese  e r ro r s .
A -I-c - lb :  Methods Using Barium C arbonate: Howden217 In troduced
barium  carbonate to  re p la c e  barium chrom ate in  a one s te p  
p r e c ip i ta t io n  p ro cess . The sample was b o iled  with barium  carb o n a te , 
th e  s o lid 3 were f i l t e r e d  o f f  and th e  carbonate  in  th e  f i l t r a t e  was 
determ ined by a lk a lim e try  u s in g  a s o lu tio n  o f standard  hyd ro ch lo ric  
acid  and methyl orange217 o r  p h en o lp h th a le in 361  as in d ic a to r .
S h inkai454 m odified th i s  one s tep  process to  a two s te p  p ro cess . 
He used an a liq u o t o f s tan d a rd  barium c h lo r id e  to  p r e c ip i ta te  the 
s u lf a te  f i r s t ,  f i l t e r e d  i t  o f f  and added an excess a l iq u o t of 
s tan d ard  sodium carb o n a te . The m ix ture was f i l t e r e d  ag a in  and 
the  excess carbonate was th en  determ ined by a lk a lim e try  w ith  s tandard  
h y d ro ch lo ric  ac id  and m ethyl red in d ic a to r .
A - I - c - lc .  Methods Using O ther Barium S a l t s : L ibera ted  o x a la te
io n  from barium o x a la te  has been determ ined by standard  
perm anganate407 and l ib e ra te d  io d a te  ion  from barium io d a te  by 
iodom etry. In  the barium  io d a te  procedure th e  sample was tre a te d  
e i th e r  d i r e c t ly  w ith  barium  io d a te 464 o r  p e rco la ted  through 
an ion-exchange column co n ta in in g  barium io d a te . 267 In  a two s tep  
p rocess Davey, e t  a l . 118 p re c ip i ta te d  barium  la u ry l  s u l f a te  and 
t i t r a t e d  th e  excess la u ry l  s u lf a te  w ith  benzalkonlum c h lo rid e  
using  methyl yellow  in d ic a to r .  A r a th e r  involved procedure th a t
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was developed in  th e  l a t e  tw e n t ie s , 504 employed barium  phosphate .
The l ib e ra te d  phosphate was determ ined by p r e c ip i ta t in g  i t  as 
phosphom olybdate, d is s o lv in g  th e  p r e c ip i ta te  in  an a l iq u o t  o f  
s ta n d a rd  sodium hydroxide and determ in ing  the excess b ase . C o lo ri­
m e tr ic  methods o f  de term in ing  phosphate as molybdenum b lu e  v ia  
phosphomolybdate have been in tro d u ced  on ly  r e l a t iv e ly  r e c e n t ly ,  
A - l-c -2 .  S em id irec t T i t r im e t r ic  M ethods: These methods succeeded
th e  in d i r e c t  t i t r i m e t r i c  methods and involved th e  a d d it io n  o f 
an excess a l iq u o t  o f barium  io n  s o lu t io n  to  th e  sample to  p r e c ip i ­
t a t e  th e  s u l f a t e .  The excess barium  was then  determ ined , 
a f te r /w ith o u t  removing th e  p r e c ip i ta te d  barium  s u l f a t e ,  by t i t r a t i n g  
i t  w ith  an an ion  th a t  forms an in so lu b le  barium  s a l t .
Chromate ag a in  was th e  t i t r a n t  o f  c h o ic e , th e  f i r s t  re p o rte d  
method was th a t  due to  J e l l in e k 233 and i t  re q u ire d  c a re fu l  pH 
ad ju stm en t. At th e  end p o in t th e  a d d it io n a l  chrom ate hydrolyzed 
enough to  cause a change in  th e  c o lo r  o f m ethyl red  used as in d ic a to r .  
C olor change, however, was i n d i s t i n c t  and e x te rn a l  in d ic a to r s  such 
as  b e n z id in e , 132  p ,p '-d iam in o d ip h en y lam ln e , 425 lead  n i t r a t e , 174 
e t c .  were p r e fe r r e d .  As e le c tro ch em ica l methods were developed , 
th e  chromate t i t r i m e t r i c  methods enjoyed a r e b i r th  because i t  
became p o s s ib le  to  lo c a te  th e  end p o in t p o te n t io m e tr ic a l ly 516 and 
am p ero m etrica lly . 482
Among o th e r  t i t r a n t s  used were c a rb o n a te , 442 s t e a r a t e , 34  
p a lm ita te 42  to g e th e r  w ith  s u i ta b le  pH in d ic a to r s .  I n te r e s t in g ly  
enough, s u l f a te  i t s e l f  was used as a  t i t r a n t  in  a number of 
methods u sing  rh o d iz o n a te  as th e  i n d ic a to r , 1 2 0 ,3 4 3 ,3 4 8 ,4 7 3  th e  red
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co lo r o f  barium  rh o d iz o n a te  d isappeared  a t  th e  end p o in t. The 
method Involved a b a c k - t i t r a t io n  because rh o d iz o n a te  cannot be 
used s u c c e s s fu lly  as an in te r n a l  in d ic a to r  in  th e  d i r e c t  t i t r a t i o n .  
More r e c e n t ly ,  variam ine b lu e  has been recommended203 to  be th e  
b e s t  in d ic a to r  f o r  th e  b a c k - t i t r a t io n  w ith  s u l f a t e .
D eterm ining th e  excess barium  com plexom etrica lly  was a 
po p u la r approach. The o r ig in a l  com plexom etric method347 was r a th e r  
involved because magnesium and calcium  p re se n t i n  th e  sample 
had to  be determ ined f i r s t .  B elcher, e t  a l , 55 suggested  some 
v a r ia t io n s  b u t th e  f i r s t  r e a l  improvement was due to  S i jd e r lu s 457 
who removed th e  in te r f e r r in g  c a tio n s  by an io n -exchanger. A h o s t 
o f  com plexom etric p rocedures th en  developed. In  a d d itio n  to  
th e  commonly used dlsodlum  s a l t  o f e th y le n e d ia m in e te tra a c e tic  
ac id  th e  te tra so d iu m  s a l t  was a lso  u sed . 90 A nother im portan t t i t r a n t  
was th e  triso d iu m  s a l t  o f  d ie th y le n e tr ia m in e p e n ta a c e tlc  a c id  
(DTPA) . 521
Although Erlochrome Black T (E rio -T ) was by f a r  th e  most 
po p u lar in d ic a to r ,  o th e r  in d ic a to rs  such as  n a p th o lp h th a le in , 90 
c a lc e in , 144  p h th a le ln  p u r p le ,303  e tc .  were a ls o  u sed . One o f the  
most in te r e s t in g  in d ic a to r s  th a t  was used w ith  th e  com plexom etric 
approach was th e  f lu o re s c in g  in d ic a to r  f lu o re x o n : S 6’362  t i t r a t i o n s  
in  t h i s  case were c a r r ie d  o u t under UV il lu m in a tio n .
A-I-c-3 . D ire c t T i t r im e t r ic  Methods: The f i r s t  few y ea rs  o f
d i r e c t  t i t r im e t r y  d id  n o t en joy  a g re a t d ea l o f  p o p u la r i ty .  Use 
o f in d ic a to rs  was p r im a r ily  lim ited  to  rh o d iz o n a te  as an e x te rn a l  
in d ic a to r 175  and te trah y d ro x y q u in o n e . 443 In  an unusual d i r e c t
t i t r l m e t r i c  procedure w ith  barium  hydroxide as  t i t r a n t , f lu o re s ­
ce in  in  th e  p resence  o f t r a c e  Mg+2  and Ma2*  was used an in d ic a to r . ® 4 
Magnesium hydroxide and Manganese ( i l )  hydroxide formed an 
a d so rp tio n  complex w ith  th e  dye only  in  th e  absence o f  s u l f a te .  
Methods employing te trahydroxyqu inone showed some prom ise and sev­
e r a l  m o d ific a tio n s  th a t  invo lved  changes in  re a c t io n  medium, pH, 
a d d it io n  o f o th e r dyes and m eta l ions were p roposed . (Many w orkers, 
however, s t i l l  p re fe r re d  to  use  te trahydroxyqu inone as an e x te rn a l  
i n d i c a to r .2 5 ,194 ,275 ,370 ,4S3) The search  fo r  b e t t e r  in d ic a to rs  
con tinued  and a l i z a r i n  red  S , 163 t h o r in , 1 0 4 ,3 3 5  and s ti lb n a p th a z o 326  
came n e x t ,  to  be follow ed by a  s e r lo s  o f  b is (p h en y lazo ) d e r iv a t iv e s  
Of chrom otropic a c i d .4 8 *73 - 4 >251-232 6 5 »3 6 0 >3 6 5 »3S5>423»437
Of th e se  l a t e r  c la s s e s  o f  in d ic a to rs  sulphonazo I I I 72 i s  th e  most 
popular to d a y ;314  f o r  a  d e ta i le d  d isc u s s io n  o f  re a c t io n  m edia, e t c .  
th e  in te r e s te d  re a d e r  i s  r e fe r r e d  to  Thoma's d i s s e r ta t i o n . 483
As e lec tro c h e m ic a l methods were developed , conductom etric427 
and h ig h  frequency o s c i l lo m e tr ic 2 3 0 ,3 4 1  d i r e c t  t i t r a t i o n s  became 
p o p u la r. Because o f  th e  much low er io n ic  m o b ility  o f  th e  a c e ta te  
io n , barium  a c e ta te  was p re fe r re d  to  barium  c h lo r id e  as  t i t r a n t .  
P o te n tio m e tr ic  t i t r a t i o n s  u s in g  a barium  s e n s i t iv e  Mo/Mo03 //B aS04 
e le c tro d e  was a lso  developed . 339 A ttem pts to  c o n s tru c t and 
u t i l i z e  a  s u l f a te  s e n s i t iv e  membrane e le c tro d e  were no t very  
s u c c e s s fu l .  The f i r s t  re p o rte d  e le c tro d e  o f  such k ind  could only 
be used in  a re v e rse  t i t r a t i o n . 395  (See sem id ire c t t i t r a t i o n s ,  
sec . A - I - c -2 ) .  Very re c e n t ly  however, b e t t e r  e le c tro d e s  have 
become com m ercially a v a i la b le . 1 0 0 ’ 449 A lthough they  s u f f e r  from
a number o f  an io n ic  in te r f e r e n c e s ,  they  can be used in  e i th e r  
d i r e c t  o r  re v e rs e  t i t r i m e t r i c  p ro ced u res .
Thermometric methods o f d e te c tin g  th e  end p o in t a re  a c tu a l ly  
over h a l f  a  cen tu ry  o ld , 121 b u t th ey  have been popu lar only 
r e c e n t ly 1 3 6 ’531 now th a t  in s tru m e n ta tio n  to  d e te c t  sm all therm al 
changes a re  a v a ila b le *
A -I-d , G eneral I n d ir e c t  M ethods: These methods do n o t invo lve
t i t r a t i o n s  b u t s t i l l  u t i l i z e  th e  l ib e r a t io n  o f an anion  from i t s  
in so lu b le  barium  s a l t  v ia  th e  fo rm ation  o f barium  s u l f a t e .  The 
a n a ly t ic a l  p rocedure  to  determ ine th e  an ion  has g e n e ra lly  been 
sp ectro p h o to m etry , and to  ach iev e  accu racy , removal of c a tio n s  
through ion-exchange i s  n e c e ssa ry . A u s e fu l  tech n iq u e38  in  
t h i s  co n tex t was th e  a d d it io n  o f  pu re  s o l id  barium  s u l f a t e .  The 
barium  s u l f a te  ac ted  as a  c a r r i e r  and thus ensured  th e  com pletion  
o f  p r e c ip i ta t io n .
Barium chrom ate was ag a in  th e  f i r s t  compound to  be u sed , th e  
chrom ate being  determ ined d i r e c t ly 7 0 ,2 2 8  o r  a f t e r  r e a c t io n  w ith  
s -d ip h en y l ca rb a z id e  fo r  in c reased  s e n s i t i v i t y . 2 2 8 ,5 0 7  Sometimes 
th e  method was e lo n g a ted  in to  a two s te p  p r e c ip i ta t io n 145 p rocess  
th a t  involved  th e  use  o f  po tassium  dichrom ate as  th e  second 
p r e c ip i ta n t .  Potassium  dichrom ate i s  a  b e t t e r  prim ary s tan d ard  
th an  potassium  chrom ate. M easurem ents, however, had to  be made 
a f t e r  pH ad ju stm en t. L ib e ra ted  chrom ate has a lso  been determ ined 
p o la ro g ra p h ic a l ly . 333 Im portan t among o th e r  s a l t s  o f barium  used 
were rh o d iz o n a te , 40 v i o l u r a t e , 268 c h lo r a n i la te , 59 (a lso  determ ined 
p o la ro g ra p h ic a l ly ) , 218 and th e  m ethyl thymol b lu e  complex o f
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barium . 263 The c h lo ra n i la te  method i s  in  common use to d ay 44*3 and 
automated v ersio n s  a re  a v a i la b le . 167 With the  m ethyl thymol b lue  
method, e i th e r  th e  in c re a se  in  absorbance o f  th e  f re e  dye270 or 
th e  decrease  in  absorbance o f th e  m etal-dye complex310  can be 
m onitored . In a d d it io n , th e  method can be m odified e a s i ly  fo r  
automated p ro ced u res . 2 ’310
Barium io d a te  has a lso  been used in  n o n - t l t r im e tr ic  in d ire c t  
p ro ced u res , th e  io d a te  being  determ ined p o la ro g ra p h ic a lly , 219 o r 
ra d io m e tr ic a lly 05 (u sing  I - I 3 I  la b e lle d  barium  io d a te ) .
A -I-e . S em idlrect Methods; S em id irect n o n - t i t r im e tr ie  methods 
involved th e  a d d itio n  o f an a l iq u o t  of barium  and th e  excess 
barium was then  determ ined sp e c tro p h o to m e tr ic a lly . U sually  a 
s u ita b le  dye was added and th e  ab so rp tio n  due to  the  barium-dye 
complex was m easured. Thorln has been used in  a s e n s i t iv e  
autom ated method380 and v i r t u a l ly  every dye o f the  b is(pheny lazo ) 
chrom otropic ac id  fam ily  l i s t e d  under in d ic a to rs  fo r  d i r e c t  
t i t r a t i o n  has been used . (See F low chart l )  Ref. Jli* and re fe ren c e s  
th e re in  a re  recommended fo r  d e t a i l s .  Atomic a b so rp tio n 141 and 
flame em iss io n , 7 6 ’ 451 have a lso  been used to  determ ine th e  excess 
barium .
A - I - f .  M iscellaneous Methods Invo lv ing  Barium S u lfa te : P re c ip i­
ta te d  barium s u l f a te  has been d isso lv ed  in  e th y len ed iam in e te tra -  
a c e t ic  ac id  (EDTA) and th e  s u lf a te  determ ined e i th e r  by m easuring 
th e  excess EDTA t i t r i m e t r i c a l l y 55 o r by m easuring th e  barium 
through atom ic ab so rp tio n 319 o r  flame em ission . 113 A popular 
rad iochem ical approach was to  add S-3 5  la b e lle d  barium s u lf a te
o f  known s p e c i f ic  a c t i v i t y  as c a r r i e r  and then  measure th e  s p e c i f ic  
a c t i v i t y  a f t e r  p r e c ip i ta t io n .  Another rad iochem ical techn ique 
involved  th e  use  o f  an a l iq u o t  o f  Ba-133 la b e l le d  p r e c ip i ta n t  and 
a  t o t a l  count o f th e  su p e rn a tan t l iq u id 257  was made a f t e r  s e t t l i n g  
of th e  p r e c ip i ta te .
A novel e le c tro c h e m ic a l approach involved  th e  use o f  an iro n  
s e le c t iv e  e le c tro d e . In  t h i s  method, a sm all excess o f iro n  ( i l l )  
was added to  th e  sample upon which th e  s u lf a to  complex o f iro n  
( i l l )  was form ed. The s o lu t io n  was th en  t i t r a t e d  w ith  barium  io n , 
w h ile  m onito ring  th e  c o n c e n tra tio n  of th e  iro n  ( i l l ) .  Barium 
s u l f a t e  was formed and th e  iro n  ( I I I )  was decomplexed. The t i t r a ­
t io n  was tak en  to  be com plete when no f u r th e r  in c re a se  in  f re e  
i ro n  ( i l l )  c o n c e n tra tio n  o c c u rre d . 231
A bsolute conductance measurements have been used ; measurements 
were made a f t e r  th e  sample was t r e a te d  w ith  an a l iq u o t  o f 
s tan d a rd  barium  c h lo r id e  s o lu t io n . 388  In  ano ther te c h n iq u e , p r io r  
to  conductance measurem ent, a l l  m e ta l l ic  c a tio n s  were removed 
from th e  sample by ion  exchange and th en  alm ost a l l  an ions o th e r  
th an  s u lf a te  were removed by tre a tm e n t w ith  s o lid  mercury ( I I )  
o x id e . 236
For samples c o n ta in in g  ex cessiv e  amounts o f c h lo r id e ,  M ascini328
has d esc rib ed  th e  use o f  a s ilv e r - fo rm  c a t io n  exchanger follow ed 
+by a H -form  exchanger. The f i r s t  exchanger removes th e  c h lo r id e  
and th e  second exchanger removes any s i l v e r  th u s  in tro d u ce d .
D ire c t  e s tim a tio n  o f sea -w a te r s u l f a te  co n ten t i s  im possib le  by 
most methods w ithou t p r io r  removal o f c h lo r id e .
Of a l l  the p ro p e r tie s  used to  determ ine s u l f a t e ,  probably 
th e  most unique was m easuring th e  volume o f th e  barium s u lf a te  
p r e c ip i ta te . 2 8 ’ 492 The most s e n s i t iv e  q u a n ti ta t io n  technique 
( l im i t  of d e te c tio n  5 ng s u lf a te )  on the o th e r  hand, was a r in g  
oven method , 43 based on F e lg l 's  o r ig in a l  spot t e s t , 151 The 
method involved th e  l ib e ra t io n  of rhod izonate  from B a-rhodizonate 
by s u l f a te ,  washing th e  rhod izonate  to  r in g  zone and developing 
th e  co lo r by re a c tin g  w ith barium io n .
A -II . Methods Involv ing  Lead S u lfa te : Lead S u lfa te  i s  more than
an o rd er of magnitude more so lu b le  than  barium s u lf a te  ( s o lu b i l i ty  
1+2.5 mg/1 a t  25°C) . 522 Y et, many methods have been developed 
Invo lv ing  th e  fo rm ation  o f lead  s u l f a t e ,  because o f th e  d i f f e r e n t  
chem istry  o f th e  lead  io n . N a tu ra lly , th e re  a re  no g rav im etric  
methods because th e re  a re  no advantages over barium s u lf a te  
p r e c ip i ta t io n  in  choosing such a  ro u te .
A -II-1 . T r i t r im e tr ic  Methods: T i t r lm e tr ic  methods based on th e  
fo rm ation  o f lead  s u lf a te  com prises th e  la rg e s t  p o r tio n  o f the  
methods th a t  invo lve  th e  lead  io n . U nlike barium , no in d ire c t  
t i t r i m e t r i c  methods have been developed because, as s ta te d  e a r l i e r ,  
th e re  a re  no advantages.
A - I I - la .  S em idirect Methods: S em idlrect methods invo lve  the
a d d itio n  o f an a liq u o t  o f lead ion and then back t i t r a t i o n  of 
the  excess lead  a f t e r  o r w ithout f i l t e r i n g  th e  lead  s u lf a te .
The excess lead  has been t i t r a t e d  w ith potassium  chromate 
using  s-d ip h en y lcarb az id e  as e x te rn a l in d ic a to r . 366  The l ig h t  
em ittin g  in d ic a to r  s ilo x en e 255 was used as an in te rn a l  in d ic a to r
fo r  th e  same t i t r a t i o n .  The t i t r a t i o n  was a ls o  c a r r ie d  out 
p o te n tlo ra e tr ic a l ly  u s in g  a  s tan d a rd  g la s s  e le c tro d e . 89 The excess 
chrom ate ion hydrolyzed  a t  th e  end p o in t and caused a change in  
pH. Another p o te n tio m e tr ic  p rocedure used s u lf id e  o r th ioace tam ide  
as t i t r a n t 310 and used a s u lf id e  s e le c t iv e  e le c tro d e .
S u lfa te  i t s e l f  has been used as a  t i t r a n t ,  to g e th e r  w ith  
d ith iz o n e  as in d i c a to r . 353 Supposedly, th e  c o lo r  change in  th e  
re v e rs e  t i t r a t i o n  i s  e a s ie r  to  p e rc e iv e  th a t  w ith  th e  d i r e c t  mthod. 
A nother in te r e s t in g  t i t r a n t  used was m olybdate, w ith  tan n in  as 
th e  in d ic a to r . 152
Complexometrlc t i t r a t i o n s  to  determ ine th e  excess lead 
enjoyed some p o p u la r i ty .  The u su a l EDTA t i t r a t i o n  employed x y len o l 
orange367  as in d ic a to r .  A lte r n a t iv e ly ,  th e  p r e c ip i ta te d  lead  
s u l f a te  was d is so lv e d  in  an excess a l iq u o t  o f EDTA and th e  excess 
EDTA back t i t r a t e d  w ith  s ta n d a rd  z inc  ( i l )  u s in g  eriochrom e b lack-T  
as th e  in d ic a to r . 122
A - I I - lb .  D ire c t T i t r a t i o n s : The d i r e c t  t i t r a t i o n  o f s u l f a te
w ith  lead  ion were developed much b e fo re  d i r e c t  t i t r i m e t r i c  methods 
employing barium  became a v a i la b le .  Io d id e  ion344  and e o s in 404 
were two o f th e  f i r s t  In d ic a to rs  employed. D iphenylcarbazone355  
and P A R [l* -(2 -P y rid y lazo )reso rc in o lj3s9  were suggested  l a t e r  as 
in te r n a l  in d ic a to r s ,  bu t r a th e r  s t r i c t  pH c o n tro l  was n ecessa ry . 
P o ss ib ly  d ith iz o n e 356  was th e  b e s t  c h o ic e , e s p e c ia l ly  when 
photom etric  d e te c t io n  o f th e  end p o in t was employed. 358
Among in s tru m e n ta l approaches to  d i r e c t  t i t r a t i o n  most n o te ­
worthy were amperometry a t  th e  dropping m ercury e le c t r o d e , 259
p o ten tio m e try  em ploying lead  s e le c t iv e  e le c t r o d e s , 4 0 5 ’ 423 and 
h ig h  frequency o s c il lo m e try . 230
A - I I - l c .  O ther T l t r im e t r lc  M ethods: These methods are  p r im a r ily
com plexom etric. An im portan t example of such a  method i s  one 
th a t  invo lves the d is s o lu t io n  o f p r e c ip i ta te d  lead  s u lf a te  in  
sodium a c e ta te  and t i t r a t i n g  the  lead  w ith  EDTA u sin g  xy leno l 
o range as  in d ic a to r . 3 6 7
A-11-2 . N o n - t i t r im e tr ic  S em id lrec t M ethods: In  th e se  methods
th e  excess lead  i s  determ ined a f t e r  p r e c ip i ta t io n  o f lead s u l f a t e .  
The a n a ly t ic a l  p ro ced u res  commonly used a re  atom ic a b so rp tio n 286  
and po larog raphy , 371
A -II -3 .  Other N o n - t i t r im e tr ic  M ethods: These methods invo lve
th e  d is s o lu t io n  o f  p r e c ip i ta te d  lead  s u l f a te  and measurement o f 
th e  lead  c o n c e n tra tio n . Lead s u l f a t e  was d is so lv e d  in  
sodium hydroxide , sodium s u lf id e  was added and th e  r e s u l t in g  lead  
s u l f id e  suspension  was q u a n tita te d  by c o lo r im e try . 276  A l te rn a t iv e ly ,  
lead  s u l f a te  was d is s o lv e d  in  ammonium a c e ta te  and th e  lead  ion  
was determ ined by p o la ro g rap h y . 330 Atomic a b so rp tio n  has a ls o  been 
em ployed, a f t e r  d is s o lv in g  the  lead  s u l f a te  in  EDTA.
A - I I I .  Methods In v o lv in g  Thorium and Zirconium  S u l f a te s : These
methods ra re ly  in v o lv e  a c tu a l  p r e c ip i ta t io n ;  th e  s a l t s  them selves 
a re  too so lu b le  to  be p r e c ip i ta te d ,  u n less  g ross  co n c en tra tio n s  
o f  s u l f a te  a re  p r e s e n t .  The s ta b le  s u lf a to  complexes o f th e  m etals  
a re  a c tu a l ly  formed and th i s  p ro p e rty  i s  u t i l i z e d  in  the  
d e te rm in a tio n  o f s u l f a t e .
A-III-1. Addition of Sulfate to Thorium or Zirconium Complexes
With Dyes: In  th e se  methods th e  f r e e  dye i s  l ib e ra te d  from a
thorium  o r zirconium  dye complex by form ing th e  s u l f a to  complex. 
E ith e r  th e  absorbance due to  th e  f r e e  dye o r th e  d ec rease  in  
absorbance due to  th e  m eta l-dye  complex i s  m easured. The re sp ec ­
t i v e  a b so rp tio n  maxima a re  u su a lly  w e ll sep a ra ted  in  w avelength. 
Among th e  more Im portant dyes used were p y ro ca tech o l v i o l e t , 376  
a l i z a r i n  red  S ,376eriochrome cyanine R , 376  ac id  chromium b lu e  K.,39 
a l i z a r i n , 39 SPADNS L5“ (p -su lfo p h en y l)azo ch ro m o tro p ic  a c id ] , 3 1 0 *376  
x y len o l o ran g e , 376  m o rin ,350  f la v o n o l , 351  and am aran th , 366 o f which 
th e  l a s t  one can be used w ith  thorium  o n ly .
Both m orin189 and f la v o n o l351  have been used a lso  in  f lu o ro -  
m e tric  procedures. The d ec rease  in  f lu o re sce n ce  o f  th e  m etal-dye 
complex i s  m easured.
A - I I I -2 .  O ther S p ec trcm etric  M ethods: O ther methods th a t  invo lve
th e  s u lf a to  complexes o f  thorium  and zirconium  has been developed; 
th e se  d i f f e r  s l ig h t ly  from th e  methods d esc rib ed  so f a r .
Of th e  more im portan t p ro c e d u re s , m ention should be made 
o f  th e  th o r iu m -s a lic y l  f lu o ro n e 354  and th e  z irc o n iu m -ca lc e ln  
b lu e 475 m ethods, bo th  a re  f lu o ro m e tr ic . In  th e  f i r s t ,  th e  sample 
i s  t r e a te d  w ith  an a l iq u o t  o f thorium  follow ed by an a liq u o t  o f 
th e  dye. The f lu o re sc en ce  due to  th e  f re e  dye i s  m easured. The 
second method i s  based on th e  f a c t  th a t  s u l f a te  a c tu a l ly  enhances 
th e  f lu o rescen ce  of th e  z irco n iu m -ca lc e in  b lu e  complex ap p a ren tly  
th rough the  fo rm ation  o f a complex th a t  co n ta in s  th e  s u l f a t e ,  
th e  dye and th e  m etal io n .
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A - I I I - 3 . The Zirconium -M ethyl Thymol Blue (MTB) Method: An
in te r e s t in g  method has been developed; t h i s  method i s  based on 
th e  c a t a ly t i c  a c t io n  o f sm all amounts o f s u l f a t e  upon th e  slow 
r e a c t io n  between z ircon ium  and m ethyl thymol b lu e  in  a c id  s o lu t io n .  
The method i s  a p p lic a b le  only  to  t r a c e  s u l f a te  co n c e n tra tio n s  
(<  2 .5  ppm) because th e  fo rm atio n  o f  th e  s u l f a to  zirconium  complex 
beg ins to  in t e r f e r e  a t  h ig h e r  c o n c e n tra t io n s . 201  
A-IV. Methods Employing O rganic S u l f a te s : A ttem pts to  develop
an o rg an ic  reag en t f o r  s e le c t iv e  p r e c ip i ta t io n  o f s u l f a te  
(as opposed to  th e  numerous in so lu b le  s a l t s  barium  form s) d a tes  
back more than  e ig h ty  y e a r s .  Use o f b e n z id in e  as a s u l f a te  p r e c i ­
p i t a n t  was suggested  by Vaubel513 b e fo re  th e  tu rn  of th e  ce n tu ry . 
Use o f  o rg an ic  re a g e n ts  can be c l a s s i f i e d  a s  fo llo w s .
A-IV-1. G rav im etric  M ethods; G rav im etric  methods have been 
suggested  w ith  b e n z id in e , 51 I tjk '-d ia m in o to la n e , 55 I t-am in o ,V -ch lo ro  
b ip h e n y l , 54  and 1 ,8 -d lam in o n ap h th a len e . 51 R espective  s o l u b i l i t i e s  
in  mg/1 a t  25°C a re : 9 8 , 222, 59 and I 5 5 . A l l  o f  th e se  have
s o l u b i l i t i e s  th a t  a re  alm ost two o rd e rs  o f m agnitude h ig h e r  
th an  th a t  o f  barium  s u l f a te  and as  such has never been used much. 
A-IV-2: T u rb id im e tric  and N ephelom etric M ethods: T u rb id im e tric
and nephelom etric  methods employing o rg an ic  p r e c ip i ta n ts  have 
o r ig in a te d  la rg e ly  from th e  u n iv e r s i ty  o f Birmingham in  th e  
U nited  Kingdom. T h is schoo l has been a p io n e e rin g  one fo r  develop­
ing  new p r e c ip i ta n ts  fo r  th e  s u l f a te  io n , f i r s t  led  by R. A.
B elcher and succeeded by W. I .  S tephen. The f i r s t  nephelom etric  
method o f im portance was in tro d u ced  by Stephen e t  a l .  in  I 967
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u t i l i z i n g  lt-amino V -c h lo ro  b ip h en y l h y d ro ch lo rid e  as p r e c ip i ta n t  
and a s ta b i l i z in g  medium o f  peptone-gum  G h a tti-h y d ro c h lo ric  a c id . 327  
L a te r ,  he in tro d u ced  2-amino p e rim id in e  h y d ro ch lo rid e  
(Perimidinylammonium c h lo r id e ,  2 -P e rim ld in y l ammonium c h lo r id e ,  
PDA-Cl) as a  s u l f a te  p r e c ip i ta n t  ( s o lu b i l i t y  o f  th e  s u l f a te  s a l t  
20 mg/1 a t  18°C) and developed a s e n s i t iv e  m ephelom etric method . 469 
The p rocedure has l a t e r  been autom ated by o th e r s ;35  however, work 
done in  t h i s  la b o ra to ry  shows th a t  S tep h en 's  o r ig in a l  method s u f fe r s  
e x te n s iv e  in te r f e re n c e s  from many an ions and led  to  unaccep tab ly  
h ig h  v a lu e s . T h e re fo re , th e  method may not be very  u se fu l 
in  r e a l  d e te rm in a tio n  problem s . 453
A-IV-3- Treatm ent o f  th e  P r e c ip i ta te d  S u lf a te ; Most o f th e  
methods in v o lv in g  o rg an ic  re ag en ts  can be c l a s s i f i e d  under th is  
ca teg o ry . The p r e c ip i ta te  i s  f i l t e r e d  and washed f re e  o f excess 
reag en t and th en  i t  i s  e i th e r  determ ined by ac id im etry  ( re a c t io n  
w ith  a l k a l i  l ib e r a te s  th e  f re e  o rg an ic  weak base  from th e  s u lf u r ic  
a c id  s a l t )  o r  i t  i s  chem ically  t r e a te d  to  develop a  c o lo r ,
A -iv -3 a . A cid im etry : B enzidine s u l f a te  has been t i t r a t e d  w ith
sodium hydrox ide  u s in g  p h en o lp h th a le in  as in d ic a to r .  C onsiderab le  
a t t e n t io n  has been paid  to  th e  washing tech n iq u es (used to  remove 
th e  excess re a g e n t)  to  m inim ize th e  lo s s  o f p r e c ip i ta te d  
b en z id in e  s u l f a t e . 2 5 ,3 0 6  S u lfa te  s a l t s  o f it-V -d ia m in o to la n e , 53
U-amino, V -c h lo ro b ip h e n y l54 have been s im i la r ly  t i t r a t e d  u sing  
p h en o lp h th a le in  o r a m ix tu re  o f phenyl red  and bromothymol b lu e  as 
in d ic a to r .  None o f th e se  methods a re  any lo n g er in  u se .
A-IV-3b . Development o f  Color by Chemical R eac tio n : Far more
a t te n t io n  has been p a id  to  develop d i f f e r e n t  co lo red  p roducts with 
the r e la t iv e ly  re a c t iv e  benzid ine  s u l f a te  by re a c tio n s  w ith 
various reag en ts  and th u s  q u a n ti ta t in g  th e  amount o f s u lf a te  
through co lo rim e try . Benzidine s u lf a te  has been tre a te d  w ith a 
m ixture of ammonia, io d in e , and io d id e  and th e  r e s u l ta n t  brown 
c o lo r  compared w ith  th a t  o f a s ta n d a rd ; 539 w ith  hydrogen peroxide 
and f e r r i c  c h lo r id e  to  produce a yellow  p ro d u c t , 518 w ith  an 
a lk a lin e  s o lu tio n  o f 0 -n a p h th aq u in o n e -V su lfo n ic  a c id , 324  and 
w ith  phosphotungstom olybdic a c id . 279 In  two s te p  p ro c e sse s , 
benzid ine  s u lf a te  has been d ia z o tiz e d  and coupled to  phenol250 or 
N -(l-n ap h th y l)  e thy lened iam ine258 o r thym ol. 87
In  th e  p re sen t work 2 -p erim id in y l ammonium s u lf a te  [ PD A -su lfate , 
(P M )2S0 4] has been n i t r a te d  to  produce an in te n se ly  co lored  pro­
du ct.
A-IV-it. Thermal Decomposition of P re c ip i ta te d  S u lfa te : An
in te r e s t in g  v a r ia t io n  o f th e  trea tm en t o f the  p r e c ip i ta te d  organic 
s u lf a te  i s  a recen t method developed in  th i s  la b o ra to ry . 484  
The method employs therm al decom position of p re c ip i ta te d  PDA-sulfate 
to  s u lfu r  d io x id e . The s u lfu r  d io x id e  i s  determ ined by the 
West-Gaeke procedure166  o r by a s u lf u r  flame lum inescence m onitor. 
Since th e  p y ro ly tic  product Is  c h a r a c te r i s t i c  o f  th e  s u lf a te  s a l t ,  
removal o f excess reag en t i s  unnecessary .
A-IV-5 . Sem idirect M ethods. Corresponding to  th e  methods th a t  
involve m etal ion  p r e c ip i ta n ts ,  s u lf a te  has been p re c ip i ta te d  by 
organ ic  re a g e n ts , th e  p r e c ip i ta te  was f i l t e r e d  o f f  and th e  
excess reag en t was determ ined by spectrophotom etry . Reagents
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used were It-araino, V -c h lo ro  d ipheny l h y d ro ch lo rid e 244  and 
PD A -chloride . 7 5 ,2 4 5  One r e p o r t75  suggested  th e  a d d it io n  o f
th e  In so lu b le  s u l f a te  to  promote n u c le a tio n . In  bo th  cases measure­
ments were made in  the  u l t r a v i o l e t  reg io n .
A-V. O ther Methods Involv ing  P r e c ip i t a t io n  o r  Form ation of a
S u lfa te  Complex: There have been only  a  few methods in v o lv in g
an in s o lu b le  s u l f a t e  o r a s u l f a t e  complex o th e r  th an  th o se  r e la te d
to  barium , le a d , thorium , zirconium  o r o rg an ic  c a t io n s .
C h ro n o lo g ica lly , m ention should  f i r s t  be made o f hexaramine
c o b a lt  ( i l l )  tr ib ro m id e  [Co(NH3 ) s jB r3 which Mahr and K rauss320
used fo r  p r e c ip i ta t in g  th e  s u l f a t e  s a l t  [CO(NH3 ) 6J BrS04 in  a
g ra v im e tr ic  m ethod. Follow ing a  s im ila r  s tudy  w ith  p o ly n u c lear
c o b a lt  com plexes, Belcher and Gibbons52 in tro d u ced  th e  h i s t o r i c a l l y
im portan t Werner complex, o c tam m in e-am in o -H i-n itro  d ic o b a lt  ( i l l )
t3Ht e t r a  n i t r a t e ,  LNHaiU C od 2 ^Co(NH3 ) 4] (N03 ) 4 and used i t  as aKUg
g ra v im e tr ic  reag en t to  p r e c ip i ta te  th e  co rrespond ing  d i s u l f a t e .
This s a l t  had a  s o lu b i l i ty  o f  on ly  22 .5  m g/I a t  25°C; th i s  s o lu b i l i ty  
i s  f a r  lower than  th a t  o f a l l  o rg an ic  s u lf a te s  (excep t th e  r e c e n tly  
in tro d u ced  P D A -su lfa te).
Both th e  re a g e n ts  m entioned have l a t e r  been used as t i t r a n t s  
in  d i r e c t  conductom etric  p ro c e d u re s . 230
A nother im portan t branch o f s u l f a te  d e te rm in a tio n  has 
involved  th e  iro n  ( i l l ) - s u l f a t e  com plexes. M ention has a lread y  
been made e a r l i e r  o f t i t r a t i n g  th i s  complex w ith  barium  c h lo r id e . 231 
S pectropho tom etric  d i r e c t  measurement methods have been developed 
based on th e  a b so rp tio n  due to  t h i s  complex . 179 Another
sp ec tro p h o to m etric  method was based on th e  d ec rease  in  absorbance 
due to  th e  d e s tru c t io n  o f  th e  th io c y a n a to - iro n  ( I I I )  complex 
by th e  s u l f a te  io n . 41
B. Other M ethods: Methods Not Invo lv ing  P r e c ip i ta t io n  o f an
In so lu b le  S u lfa te  o r  Form ation o f  a S u lfa to  Complex.
B .l .  R eduction to  S u lf id e : Prim ary among th e se  p rocedures a re
methods which u t i l i z e  re d u c tio n  of th e  s u l f a te  io n  to  s u lf id e  
and subsequent d e te rm in a tio n  as such.
Of v a rio u s  reducing  c o c k ta i ls  u sed , th e  fo llo w in g  a re  
im portan t: h y d ro io d ic  a c id ,  red  phosphorus and form ic a c id 237’433; 
hydro iod ic  a c id ,  hypophosphorus ac id  and sodium a c e ta te 188; 
hydro iod ic  a c id ,  sodium hypophosphite and a c e t ic  anhydride119; 
hydro iod ic  a c id ,  h y d ro c h lo ric  ac id  and hypophosphorus a c id 216; 
and t i n  ( i l )  c h lo r id e  and o rthophosphoric  a c id . 227  R eduction to  
s u lf id e  has a lso  been achieved by sim ply a s p ir a t in g  th e  s o lu tio n  
in to  a h y d ro g en -rich  flam e . 111*3
The s u lf id e  thus produced has been d i r e c t ly  measured by gas 
chromatography as hydrogen s u l f id e 227  o r  by a s u l f u r  flame 
lum inescence d e te c to r . 111*3 The l a t t e r  method, as a  w hole, i s  
not s u lf a te  s e le c t iv e  s in c e  th e  h y d ro g en -rich  flam e , used fo r  
red u c tio n  in  th is  method, co n v erts  v i r t u a l ly  a l l  s u l f u r  co n ta in in g  
sp ecies  to  e lem en ta l s u l f u r .  The s u lf u r  lum inesces as th e  S2 
m olecule in  th e  flam e and th e  lum inescence i s  measured between 
~j00-h20 nm.
A lte rn a t iv e ly ,  th e  l ib e ra te d  hydrogen s u lf id e  has been 
absorbed in  io d in e  s o lu t io n  co n ta in in g  cadmium s u l f a t e  (excess
io d in e  subsequen tly  determ ined io d o m e tr ic a lly )392, o r  in  z in c  
a c e ta te 256 o r  cadmium514 a c e ta te  s o lu tio n s  follow ed by an 
a l iq u o t  o f io d in e  s o lu tio n  (excess io d in e  determ ined io d o m e tr ic a lly ) ;  
in  z in c  a c e ta te  s o lu t io n  (and th en  t r e a te d  w ith  an iro n  s a l t  
and p-amino d im e th y la n ilin e  to  produce m ethylene b lu e  - measured 
c o lo r im e tr ic a l ly ) ; 1 8 8 ,2 3 7 ,4 3 3  in  a  b u ffe red  m ix tu re  o f i ro n  ( i l l )  
and o -p h en an th ro lin e  and th e  iro n  ( i l )  complex formed m easured ) ; 119 
in  cadmium c h lo r id e  s o lu t io n  (and th e  r e s u l t in g  cadmium s u lf id e  
f i l t e r e d ,  w ashed, d isso lv e d  in  h y d ro ch lo ric  a c id  and th e  cadmium ion 
measured p o lo ro g ra p h ic a lly ) ; 216  and in  sodium hydrox ide s o lu t io n  con­
ta in in g  d i th iz o n e ,  (th en  t i t r a t e d  w ith  cadmium o r  m ercuric  a c e ta te  
-u n ti l  th e  c o lo r  o f th e  m eta l d i th iz o n a te  appeared ) . 27 
B -I I .  Conversion to  S u lfu r ic  A cid: In  th e se  m ethods, th e  sample
i s  passed  through a c a tio n  exchanger. Upon ev ap o ra tio n  o f th e  
e lu e n t ,  o rd in a ry  v o l a t i l e  a c id s  (excep t phosphoric  a c id )  a re  
d r iv e n  o f f ,  le a v in g  s u lf u r ic  a c id .  The s u l f u r ic  ac id  i s  th en  
determ ined . Of methods a c tu a l ly  a p p lie d  to  aqueous s u l f a te  d e te r ­
m in a tio n , th e  more im portan t means o f  determ in ing  th i s  s u l f u r ic  
a c id  re s id u e  has  been: t i t r a t i o n  w ith  barium  hydroxide w ith
brom ocresol g reen  as in d ic a to r ; 131 h e a tin g  w ith saccharose  fo r  
an hour and c o lo r im e tr ic a l ly  de term in ing  th e  yellow  brown c o lo r  
developed , 372  and a spo t t e s t  on a f i l t e r  w ith  a  complex s i l v e r  
s a l t ,  r e s u l t in g  f in a l ly  in  th e  fo rm ation  o f red  s i lv e r  chrom ate . 334  
In  th e  l a s t  method d i lu t io n  o f o f  th e  r e s id u a l  c o n c en tra te  was 
n ecessa ry  and th e  d iam eter o f th e  s i l v e r  chrom ate sp o t formed was 
lo g a r ith m ic a lly  r e la te d  to  th e  amount o f  th e  a c id .
B - I I I .  I n h ib i t io n  T i t r a t i o n s ; I n h ib i t io n  t i t r a t i o n s  were 
in tro d u ced  by Huber; th e se  methods a re  based on th e  re lu c ta n c e  
o f  a lk a l in e  e a r th  s u lf a te s  to  d is s o c ia te  in to  component atoms 
upon therm al e x c i ta t io n .  The s u l f a te  s o lu t io n  was a s p ira te d  in to  
h y d ro g en -a ir  flam e w hile being  t i t r a t e d  w ith  a s tan d a rd  magnesium 
o r calcium  ion  s o lu t io n . The atom ic a b so rp tio n 294  o r  th e  flam e 
em ission  s ig n a l434  o f th e  m etal atom was m onito red . A sudden 
in c re a se  in  th e  s ig n a l in d ic a te d  th e  end p o in t .  The method has 
been s u c c e s s fu lly  ap p lied  to  t r a c e  s u lf u r  a n a ly s is  in  a c tu a l  
w ater sam ples . 284
B-IV. M ic ro b io lo g ica l D e te rm in a tio n : This i s  th e  f in a l  method
to  be d esc rib ed  in  t h i s  c h a p te r  and i t  i s  a p tly  s u ite d  to  be 
a clim actic n o te ,  s in ce  t h i s  t r u ly  in v o lv es  th e  union o f two 
in te r d i s c ip l in a r y  sc ie n c e s . A lthough th e  a p p l i c a b i l i ty  o f such 
a method to  r e a l - l i f e  samples c o n ta in in g  o th e r  ions i s  d o u b tfu l, 
Omura373 found th a t  th e  growth o f th e  b a c te r ia  E sc h e r ic h ia  C o li 
i s  in h ib i te d  by th e  s u l f a te  ion  and th a t  th e  e x te n t o f in h ib i t io n  
i s  r e la te d  to  s u l f a te  c o n c e n tra tio n . The growth i t s e l f  can 
be follow ed tu rb id im e tr ic a l ly  ( a f t e r  an in cu b a tio n  p e rio d  of 
8  h r s .  a t  55°C) and based on t h i s  p r in c ip le ,  a tu rb id im e tr ic  
s u l f a te  d e te rm in a tio n  method was developed.
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CHAPTER V
THE DETERMINATION OF AIRBORNE SULFATES
"Once th e  t e r r a i n  o f  h ig h e r ground has been reach ed , we s h a l l  f in d  
many avenues le ad in g  on to  th e  h o rizo n . When th e se  have been gained 
th e  journey  w i l l  be more s w if t .  I t  makes l i t t l e  d if f e re n c e  which of 
th e se  highways l a t e r  we may choose; th e  h a b i ts  o f p e rse v e ra n c e , 
exac tness, o rd e r l in e s s  and im p a r t ia l i ty  o f judgem ent, which we le a rn  
as  we c le a r  th e se  s im p ler approaching  pathw ays, w i l l  be found to  be 
th e  means a lso  o f  surm ounting o b s ta c le s  as y e t  rem ote. And nowhere 
more than  In  q u a n t i ta t iv e  a n a ly s is  does one a c q u ire  d i s c ip l in e  
in  avoiding d e to u rs ;  nowhere does one le a rn  b e t t e r  th e  p r ic e le s s  
v a lu e  o f a ssu ran ce  gained a f t e r  each advance through w hat, a  few m iles 
back , m ight have appeared as a form idable t r a c t ;  nowhere e l s e  does 
one more q u ick ly  sense w ith  what su re  success c a re fu l  though t and 
s k i l l f u l  tech n iq u e  sweep away en tan g lem en ts ."
-  C. W. G r i f f in ,  19^9
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In th is  ch ap te r the  a v a ila b le  methods fo r  th e  d e te rm in a tio n  of 
a irb o rn e  s u lf a te  s a l t s  ( s o l id  or l iq u id  ae ro so ls )  an d /o r ae ro so l 
s u lf u r ic  ac id  w il l  be d iscu ssed . In  e a r ly  work, a  s u b s ta n t ia l  
amount o f e f f o r t  was made to  determ ine t o t a l  so lu b le  s u lf a te  (TSS) 
which in c lu d es  both  s u lf u r ic  ac id  and v i r tu a l ly  a l l  s u lf a te  s a l t s  
to  be found in  ambient a i r .  Since most t ra c e  methods developed 
fo r  aqueous s u lf a te  d e te rm in a tio n s  a re  a p p lic a b le  to  such s tu d ie s ,  
no fu r th e r  d iscu ss io n s  o f such methods w i l l  be c a r r ie d  out h e re , 
u n le ss  the method was e s p e c ia lly  developed fo r  and i s  p a r t ic u la r ly  
su ite d  to  ambient a i r  a n a ly s is .
The f i r s t  rep o rted  work on th e  de te rm in a tio n  o f s u lfu r ic  ac id  
m ist in  a i r  appears to  d a te  back more than  h a l f  a cen tu ry 435 
when a minor concern e x is te d  about th e  environment in  o r around 
s u lf u r ic  ac id  p la n ts .  Two b r ie f  review s due to  Maddalone311 and 
Thomas487 a re  a v a i la b le  in  t h e i r  re sp e c tiv e  d o c to ra l d is s e r ta t io n s .  
The f i r s t  and only review  a r t i c l e  d ea lin g  s p e c i f ic a l ly  w ith 
a irb o rn e  s u l f a te  a n a ly s is  in  ambient a i r  i s  a re c e n t p u b lic a tio n  
by Tanner and Newman,478 o f Brookhaven N ational L aborato ry . I t  is  
r e la t iv e ly  comprehensive w ith in  i t s  scope and h ig h ly  b ia se d .
The au thors  have an undue f a s c in a t io n  fo r  th e  degree of com plication  
of th e  method and th e  e x te n t of s o p h is t ic a t io n  involved  in  the  
in stru m en ta tio n . This au th o r s tro n g ly  f e e ls  th a t  one needs to  
be concerned about t h i s  unwelcome tre n d . D ig i ta l  readou ts in  
in s tru m en ta tio n  fo r  example, a re  convenient bu t they  do not re p re ­
sen t an advancement in  e i th e r  s e n s i t i v i t y ,  p re c is io n  o r accuracy 
by them selves.
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I. Size Discrimination and Sampling Media
The d e te rm in a tio n  o f  a irb o rn e  s u l f a t e  i s  f rau g h t w ith  problems 
in  b o th  sam pling and a n a ly s is  s ta g e s ,  e s p e c ia l ly  i f  s p e c ia t io n  
( i . e . ,  in  what fo rm (s) th e  s u l f a te  e x i s t s )  i s  to  be c a r r ie d  o u t. 
S p e c ia tio n  i s  g e n e ra lly  necessary  f o r  h azard  e v a lu a tio n  because 
th e  to x ic i ty  o f  th e  a c id  a e ro so l and i t s  v a rio u s  s a l t s  v ary  m arkedly. 
By t h f  same to k en , a e ro so l s iz in g  i s  n ecessa ry  because h e a l th  
e f f e c t s  a re  very  dependent on p a r t i c l e  s iz e .  Use o f th e  Andersen 
cascade  im p a c to r,1 9 ,4 2 0 ,517 Goetz a e ro so l a n a ly z e r , 178,205-7 
Lundgren im p a c to r,2 6 j298 ,300»525 and o th e r  h ig h ly  s p e c ia l iz e d  
sam pling t r a i n s 123’325,411 has been  made fo r  s iz e  c l a s s i f i c a t io n  
and subsequent a n a ly s is .  F u r th e r  d e t a i l s  a re  beyond th e  scope of 
th i s  d is c u s s io n .
Sampling by F i l t r a t i o n
The f i l t e r  m a te r ia l  used fo r  sam pling has been s u b je c t  to  much 
re s e a rc h . An unsolved problem u s in g  h ig h  volume sam plers remains 
due to  th e  co n v ersio n  of s u lfu r  d io x id e  to  s u l f a te  c a t a ly t i c a l l y  
a t  th e  su rfa c e  o f c e r t a in  p a r t i c u l a t e s ,  namely m e ta l l ic  compounds. 
Presum ably, th e  p ro cess  occurs v ia  ch em iso rp tio n . In  a d d i t io n ,  
some f i l t e r  m edia, e s p e c ia l ly  g a ls s  f i b e r ,  have a h ig h  ca p a c ity  
to  absorb  s u lfu r  d io x id e 36’81 and may even c o n ta in  r e a c t iv e  
o x id a tio n  s i t e s  th em selv es , cap ab le  o f co n v ertin g  s u lf u r  d iox ide  
to  s u l f a t e . 58 R e su lts  o f s tu d ie s  on some a v a ila b le  b rands have 
been r e p o r te d .274
In  s i tu a t io n s  where s u lfu r  d io x id e  lo ad in g  o f  th e  a i r  i s  two 
o rd e rs  o f m agnitude h ig h e r  th an  th e  a e ro so l s u l f u r ic  a c id  co n ten t
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(as i s  o f te n  the c a s e ) , th e  conversion  o f  s u lf u r  d io x id e  to  
s u l f a t e  can become a r e a l  problem w ith  h igh  volume sam p lers ,
(which i s  n e c e s s i ta te d  because o f th e  r a th e r  sm all s u l f u r ic  ac id  
c o n te n t o f  th e  am bient a i r  -  average urban  background g e n e ra lly  
i s  ~  10 (jg/m3 ) lead in g  to  se rio u s  e r r o r s .  For th i s  reaso n  
a ttem p ts  have been made142 to  ' ’d if fu s io n  denude" th e  sample stream  
o f ammonia and s u lfu r  d io x id e , b e fo re  sam pling . The method 
how ever, i s  unproven and com plicated  and th e re fo re  n o t in  g e n e ra l 
u se . I t  i s  g e n e ra lly  ag reed 478 th a t  th e  b e s t  way to  reduce 
c o l le c te d  p a r t i c le  induced s u lfu r  d io x id e  to  s u l f a te  co n v ersio n  i s  
by c o l le c t in g  as l i t t l e  sample as p o s s ib le .  T h is a ls o  p rov ides 
a  more r e p re s e n ta t iv e  sample o f  th e  m a te r ia l  a c tu a l ly  p re se n t 
in  th e  am bient atm osphere because i n t e r p a r t i c l e  c o l l i s i o n  induced 
in te r a c t io n s  a re  reduced .
The use  o f h igh  p u r i ty  q u a rtz  f i l t e r s  has only  r e c e n t ly  been 
in tro d u ce d  fo r  a irb o rn e  s u l f a te  sam pling .3 0 ’477 O rdinary  paper 
f i l t e r s  (such as Whatman, Nos. 1 , 4 , 41 e t c . )  a re  g e n e ra lly  
no lo n g e r  used in  s u l f u r ic  ac id  sam pling. O ther th an  g la ss  
f ib e r  f i l t e r s ,  p o ly te tra f lu o ro e th y le n e  (PTFE) f i l t e r s  (such as 
F lu o ro p o re , M itex, e t c . )  have a ls o  been f re q u e n tly  u sed . Sampling 
e f f ic ie n c y  o f  th e se  f i l t e r s  fo r  a e ro so l s u l f u r ic  a c id  may, however, 
be q u i te  lo w .417 A nother problem a s so c ia te d  w ith  submicron pore 
s iz e  FTFE f i l t e r s  i s  th e  h igh p re ssu re  drop a c ro ss  th e  f i l t e r  
making them g e n e ra lly  u n su lted  fo r  h ig h  volume sam pling.
On th e  o th e r  hand, bo th  g la ss  f ib e r  and paper f i l t e r s  c o n ta in  
r e a c t iv e  a lk a l in e  s i t e s  th a t  n e u tr a l iz e  th e  c o l le c te d  a c id  a e ro so l
and th u s  lead  to  u n accep tab ly  low r e s u l t s  i f  a c id im e tr ic  methods 
a re  used f o r  a n a ly s is .  While re p e a te d  washing a p p a re n tly  makes 
paper f i l t e r s  u s a b le ,  g e n e ra l p re tre a tm e n t does n o t remove a l l  
a lk a l in e  s i t e s  from a g la s s  f ib e r  f i l t e r . 126 Use o f membrane 
f i l t e r s  ( c e l lu lo s e  a c e ta t e ,  p o ly c a rb o n a te , e t c . )  have been 
re p o rte d 381 bu t they  s u f f e r  from th e  same problem o f n e u t r a l iz a t io n ;  
in  th e se  ca se s  through e s t e r i f i c a t i o n .  With g la s s  f ib e r  f i l t e r s ,  
r e s id u a l  a l k a l i  c o n te n t o f  th e  f i l t e r  may lead  up to  8 ng s u l f u r ic  
acid  lo ss /cm 2 o f f i l t e r , 438 and may a ls o  c o n ta in  h ig h  r e s id u a l  
s u l f a t e . 153 D ra s tic  p re tre a tm e n t p rocedures have been su g g ested ?4*56 
I t  should  be noted th a t  re g a rd le s s  o f  p re tre a tm e n t a l l  f i l t e r  
media a re  n o t com patib le  w ith  a l l  ty p e s  o f a n a ly t i c a l  f in is h e s .
Higher p u r i ty  g la ss  f i b e r  f i l t e r s  have re c e n tly  become a v a i la b le ;170 
the  r e s id u a l  s u l f a te  c o n te n t o f  th e s e  f i l t e r s  i s  q u i te  sm all 
although th e  number o f  a lk a l in e  s i t e s  in  th e  f i l t e r s  i s  s t i l l  
p r o h ib i t iv e ly  h igh  fo r  a c id im e tr ic  measurements to  be m eaningfu l.
I t  i s  b e l ie v e d , how ever, th a t  in  a c tu a l  f i e ld  sam ples, n e u t r a l iz a ­
t io n  o f  th e  ac id  a e ro s o l  i s  p robab ly  f a r  le s s  th an  observed in  
la b o ra to ry  s tu d ie s .  The reasons a re  b e lie v e d  to  be: a ) s u lfu r
d io x id e  s a tu r a t io n  o f th e  a lk a l in e  s i t e s 438 and b) i n a b i l i t y  
of l iq u id  s u l f u r ic  a c id  d ro p le ts  to  p e n e tra te  in to  th e  f i l t e r  
m edia.311 Dubois, e t  a l . 139 have g iv en  an in t e r e s t in g  d isc u ss io n  
o f why th e  amount o f  a c id  a e ro so l determ ined i s  n o t l in e a r  w ith 
the  volume sampled.
There a re  only a few rep o rted  methods which use chem ically  
im pregnated f i l t e r s  t h a t  im m obilize th e  ac id  a e ro so l by re a c t io n
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a t  th e  moment o f i t s  c o l le c t io n .  This work u t i l i z e s  such a 
tech n iq u e . There a re  a  numbe r  o f in h e re n t advantages w ith th e  
use of an im pregnated f i l t e r .  G lass f ib e r  f i l t e r s ,  which a re  
most commonly used , a re  g e n e ra lly  q u ite  e f f i c i e n t  c o l le c to r s  o f  
a e ro so l s u l f u r ic  a c id . I t  has been shown how ever, th a t  a t  very  
low le v e ls  lo ss  occurs th rough  th e  e v ap o ra tio n  o f ac id  a e ro s o l;  
and a t  h ig h  le v e ls ,  some a c id  may flow  through th e  f i l t e r . 480 
These problem s a re  o b v ia ted  w ith  an im pregnated f i l t e r  th a t  
im m ediately re a c ts  w ith  th e  ac id  a e ro s o ls .
A lso , lo ss  o f a c id  through u n d es ired  n e u t r a l iz a t io n  by 
s im u ltan eo u sly  c o lle c te d  b a s ic  p a r t ic u la te  m a tte r  o r  by th e  
om nipresent gaseous ammonia in  th e  sample s tream  o r  by th e  a lk a l in e  
s i t e s  in  th e  f i l t e r  i t s e l f ,  no longer poses a  problem .
As an example o f th e  more unusual media used fo r  f i l t e r s ,  
g ra p h ite 526 may be c i t e d .  The use  o f most o th e r  f i l t e r  m edia, such 
as c o tto n  o r  com binations o f c o tto n  w ith  o th e r  m a te r ia l , '7»;L7'e»390»441 
a s b e s to s ,9 8 ’ 403 s in te re d  g la s s 156’ 181 and alundum481 may be reg ard ed  
as h i s t o r i c a l ,  as f a r  as  am bient a i r  m on ito ring  i s  concerned.
Some o f th e s e  m a te r ia ls  a re  s t i l l  in  use  in  m on ito ring  a i r  q u a l i ty  
in  s u l f u r ic  ac id  p la n t s .  S p e c ia lly  fo rm ulated  c e l lu lo s e  f ib e r  
mats have been used fo r  h ig h  a l t i t u d e  h ig h  v e lo c i ty  sam pling487 
in  th e  s tra to s p h e re  and p o ly s ty re n e  f i l t e r s  have a ls o  been t r i e d  
fo r  s t r a to s p h e r ic  sam p lin g .271
Sampling by O ther T echn iques: Sampling by tech n iq u es  o th e r  th a n
f i l t r a t i o n  c o n s is t  of a b so rp tio n  in  a l iq u id 3 7 ’108’127’185’239’3 18’ 
3 9 9 >435»44i>46s ( t he ab so rb e r being  w ater o r w a te r-c o n ta in in g
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a lk a l i  o r s u r f a c ta n ts )  which makes a t  b e s t o n ly  a d e te rm in a tio n  
o f t o t a l  so lu b le  s u l f a te  p o s s ib le ;  e l e c t r o s t a t i c  p r e c i p i t a t i o n ,29’ 
233*439 SOn ic  ag g lo m era tio n ,117,432 a d so rp tio n  on v a rio u s  m a te r ia l 
(such as c h a rc o a l,  calcium  ch lo rid e ,p u m ice , e t c . ) 398’435 and 
im p ac tio n .1125lQ2 j3S2>393 q j th e s e ,  on ly  im paction  tech n iq u es  a re
s t i l l  in  g e n e ra l u se . F i l t r a t i o n  i t s e l f  in  f a c t  may be co n sid e red  
to  be an im paction  tech n iq u e . Im paction tech n iq u es  no t in v o lv in g  
f i l t r a t i o n  a re  g e n e ra lly  c a r r ie d  ou t on chem ica lly  p re tre a te d  
s u r fa c e s ,  m icroscopy be in g  th e  common method o f e v a lu a tio n .
Modern s iz e  d is c r im in a tin g  im pactors have been r e fe r r e d  to  e a r l i e r  
in  th i s  C hapter.
I I .  ANALYSIS
The d e te rm in a tio n  o f  t o t a l  a irb o rn e  s u l f a t e  i s  o f te n  c a r r ie d  
ou t by tech n iq u es th a t  a re  a to m -s e le c tiv e , and t h i s  i s  p e rm iss ib le  
only  because most o f th e  a irb o rn e  s u lfu r  is  in  th e  form of s u l f a t e .  
N eedless to  say , th e se  tech n iq u es  do no t d is t in g u is h  between the  
v a rio u s  s u l f a t e  sp ec ie s  and s u l f u r ic  ac id  o r  n o n -s u lfa te  s u lf u r .  
A p p lic a b i l i ty  o f such r e s u l t s  to  env ironm enta l hazard  e v a lu a tio n s  
i s  th e re fo re  h ig h ly  q u e s tio n a lb e  and j u s t i f y  only  b r ie f ly  m ention.
T o ta l so lu b le  s u l f a te  (TSS) d e te rm in a tio n , by the  same to ken , 
Is  no t a good m easure o f hazard  index. Many t r a c e  tech n iq u es 
m entioned in  th e  p rev io u s  c h a p te r  have been ap p lied  and some 
s p e c i f ic a l ly  developed fo r  a irb o rn e  s u l f a te  a n a ly s is .
A ll tech n iq u es th a t  use  l iq u id  ab so rb e rs  n e c e s s a r i ly  have to  
determ ine t o t a l  so lu b le  s u l f a t e  o r n e t a c id i ty .  In  e i t h e r  c a se , 
s e r io u s  e r ro r s  a re  caused by sim ultaneous a b so rp tio n  o f s u lfu r
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diox ide  and i t s  subsequent o x id a tio n . S u lfu r d iox ide  i s  
ox id ized  q u a n t i ta t iv e ly  to  s u lfu r ic  a c id  in  the  presence of 
c e r ta in  m etal io n s .300 In  some methods147 th a t  use a l iq u id  
a b so rb e r, an o x id iz in g  absorben t ( e . g . ,  hydrogen perox ide) i s  
in te n t io n a l ly  used to  convert the  s u lf u r  d iox ide  to  s u lfu r ic  ac id  
q u a n t i ta t iv e ly .  The s u lfu r  d iox ide i s  a lso  determ ined se p a ra te ly  
and su b trac ted  from th e  t o t a l  s u lf a te  ob ta ined  by the  f i r s t  p ro­
cedure. Methods such as conductom etric measurements, which 
were developed fo r s u lf u r ic  ac id  p la n t e x i t  gas a n a ly s is , a re  
inadequate fo r  a irb o rn e  s u lf a te  d e te rm in a tio n  and w il l  not be 
d iscu ssed . I t  should a ls o  be noted th a t  repeated  leach ing  w ith 
w ater do n o t remove a l l  io n ic  s u lf a te  from many of the  f i l t e r  
media, e s p e c ia l ly  g la ss  f i b e r , 159 because o f  i t s  ad so rp tio n  
c h a r a c te r is t ic s  and in a b i l i t y  o f  w ater to  wet th e  m a te r ia l.
D eterm ination  of a c id i ty  o f th e  c o lle c te d  sample p o ss ib ly  i s  
a b e t te r  index of a e ro so l s u lfu r ic  ac id  con ten t than  t o t a l  so lu b le  
s u lf a te  v a lu e s . I t  i s  g en e ra lly  agreed th a t  s u lfu r ic  ac id  i s  the 
main c o n tr ib u to r  o t atm ospheric a c id i ty ,  a conclusion  th a t  i s  
su b s ta n tia te d  by ana lyses of ac id  r a i n . 283 In a c tu a l  sampling 
s i tu a t io n s  however, even i f  e r ro r s  due to  th e  p resence o f o th er 
ac id s i s  n eg lec ted , n e u tr a l iz a t io n  through v ario u s  ro u te s  a re  
l ik e ly  to  cause la rg e  in d e te rm in a te  e r ro r s .
Methods th a t can d i f f e r e n t ia te  between s u lfu r ic  ac id  and 
i t s  s a l t s  a re  environm entally  th e  most m eaningful. Such methods 
can be c la s s i f ie d  under two c a te g o r ie s :
a) methods th a t depend on d ire c t  in s tru m en ta l s p e c ia tio n , and
b) methods th a t  use a p h y s ica l o r chem ical trea tm en t to  s p e c ta te .
A more d e ta i le d  d isc u ss io n  o f th e  v ario u s  a n a ly t ic a l  p ro cesses  
now fo llow s; a  flow  ch a rt o f  th e  a v a ila b le  methods is  a ttach ed  
a t  the  end o f t h i s  ch ap te r.
A. METHODS DETERMINING TOTAL AEROSOL SULFUR
X-Ray flu o rescen ce  a n a ly s is  (XRFA) measure x -rays em itted  from 
s u lf u r ,  induced by x -ra y s182 o r  pro tons and o th e r  charged p a r t i c l e s .  
E xtensive d a ta  on t o t a l  a e ro so l s u lfu r  ob ta ined  by XRFA have been 
rep o rted  by Dzubay, e t  a l . 143*3
X-Ray p h o to e lec tro n  spectroscopy (XPES, a lso  c a lle d  ESCA) has 
been ex ten s iv e ly  employed by Novakov, e t  a l . 109’363" 4 to  s p e c la te  
v a rio u s  d i f f e r e n t  o x id a tio n  s ta t e s  o f s u lfu r  in  a e ro so ls . I t  i s  
a t  b e s t s e m i-q u a n tita tiv e  and assignm ent o f d i f f e r e n t  p h o to e lec tro n  
en e rg ies  i s  o f te n  ambiguous.
Both XPES and XRFA are  b a s ic a l ly  su rface  s tu d ie s ,  and may no t 
p rov ide  tru e  com position o f th e  t o t a l  sam ple, e s p e c ia lly  due to  
h igh  su rface  load ing  o f adsorbed s u lfu r  d io x id e  on th e  f i l t e r .
X-Ray flu o rescen ce  a n a ly s is  may a lso  be su b je c t to  in te r fe re n c e  from 
le a d , which has overlapp ing  f lu o re sc e n t e n e rg ie s . R eported ly ,
Raman spectroscopy has a lso  been used fo r  c h a ra c te r iz a tio n , b u t 
q u a n ti ta t iv e  e s tim a tio n  is  s t i l l  im p o ss ib le .431 X-Ray d i f f r a c t io n  
can be used as an a u x i l l ia r y  technique to  q u a l i ta t iv e ly  id e n t i fy  
s o lid  p a r t ic u la te  m a te r ia l .69 I t  does n o t ,  however, rev ea l th e  
p resence o f th e  sp ec ies  o f main i n t e r e s t ,  i . e . ,  s u lfu r ic  a c id .
The flame photom etric d e te c to r  (FPD)l l i a , b  can be used to  
d i r e c t ly  m onitor ae ro so l s u lf u r  load ing . S u lfu r  d ioxide must f i r s t
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be removed and th i s  has been  accom plished by lam inar flow  through  
tubes which has t h e i r  in s id e  w a lls  co a ted  w ith  some s u lfu r  
d io x id e  a b s o rb e r s .142 A lte rn a t iv e ly  f i l t e r e d  and n o n - f i l te r e d  
sample stream s have been m on ito red . The f i l t e r e d  sample Is  assumed 
to  c o n ta in  no p a r t ic u la te s  and th e  d if fe re n c e  th e r e fo re  g ives th e  
ae ro so l s u l f u r  lo a d in g .113-3 The response  o f th e  FPD however,
Is  dependent on th e  chem ical n a tu re  o f  th e  a e ro s o l  s u l f u r ,  even 
th e  p h y s ic a l form o f th e  a e re s o l  s u l f a t e . 220 A lso  s e n s i t i v i t y  
must be Improved in  com m ercially  a v a i la b le  in s tru m en ts  i f  th ey  a re  
to  be used fo r  d i r e c t  m on ito rin g  of am bient a i r .  R oberts and 
F r ie d la n d e r410 have used th e  FPD to  determ ine a e ro s o l  s u l f u r  by 
h e a tin g  th e  c o l le c te d  sample to  ~  1100°C th rough  c a p a c it iv e  
d isc h a rg e .
E x c itin g  p o s s i b i l i t i e s  e x i s t  fo r  d e te rm in in g  t o t a l  a e ro so l 
s u lf u r  by atom ic a b so rp tio n  th rough  th e  h e a ted  g ra p h ite  a to m izer 
(HGA) and th e  new s u lfu r  lamp e m ittin g  in  f a r - u v .301
B. METHODS DETERMINING TOTAL SOLUBLE SULFATE
A rev iew  o f  s e n s i t iv e  methods fo r  d e te rm in in g  th e  s u l f a t e  ion  
th a t  can be a p p lie d  to  a irb o rn e  s u l f a te  a n a ly s is  has been compiled 
by H offer and K othny.207 Barium s u l f a te  tu rb id im e try  i s  s t i l l  
po p u la r b u t p o s s ib ly  th e  most f re q u e n tly  used method i s  th e  
autom ated m ethyl thymol b lu e  p rocedure2 *310 in  s p i t e  o f  th e  f a c t  
th a t  rem oval o f a l l  i n t e r f e r in g  c a tio n s  by io n  exchange c o n s t i tu te  
an unwelcome n e c e s s i ty .  The same i s  t ru e  fo r  a n o th e r  popu lar 
method th a t  invo lves m ic r o t i t r a t io n  w ith  barium  p e rc h lo ra te  u s in g  
th o r in  in d ic a to r  and in  which v is u a l  o r  sp ec tro p h o to m e tric  means
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o f  end po in t d e te c t io n  a re  em ployed.380 5418 S pectropho tom etric  
methods using barium  c h lo r a n i la te  and th e  barium  nitrochrom eazo 
dye complex are  i n  u s e .207 Dime th y  lsu lfo n azo  I I I  i s  re p o rte d ly  
th e  b e s t  in d ic a to r  f o r  d i r e c t  t i t r a t i o n s . 44® Removal o f 
i n t e r f e r in g  c a t io n s  i s  again  a n e c e s s i ty  in  a l l  o f  th e se  methods. 
M ethods th a t  d e te rm in e  excess le a d  o r barium  a f t e r  p r e c ip i ta t io n  
o f  th e  co rrespond ing  s u lf a te  have been dev ised  b u t a re  not 
p o p u la r .  X-Ray f lu o re sc e n se  o f  barium  a f t e r  p r e c ip i ta t in g  barium 
s u l f a t e  has been u s e d ,88 and an in d i r e c t  chrom ate method has been 
developed to  m easure excess chrom ate by square-w ave p o la ro g rap h y .137 
R educ tion  to  hydrogen  s u lf id e  and d e te rm in a tio n  by th e  iro n  ( i l ) -  
p h en an th ro lin e  complex through re d u c tio n  o f  i ro n  ( i l l )  has been 
a p p l i e d .119
A lte rn a t iv e ly  th e  hydrogen s u lf id e  has been  determ ined by 
m icrocoulom etry295 o r  by p r e c ip i ta t io n  as r a d io a c t iv e  s i lv e r  s u lf id e  
u s in g  Ag-110 tag g ed  s i lv e r  n i t r a t e  and coun ting  th e  p r e c ip i ta te  
a c t i v i t y . 478
H ussar, e t  a l . 221-2 m odified  R oberts and F r ie d la n d e r 's  
tech n iq u e  of f l a s h  v o l a t i l i z a t i o n  to  to ta l  s o lu b le  s u l f a te  (TSS) 
d e te rm in a tio n . E x c e lle n t s e n s i t i v i t i e s  were r e p o r te d .
A very u n u su a l procedure h as  been rep o rted  to  determ ine TSS.
The method c o n s is t s  o f adding an  a liq u o t  amount o f excess sodium 
io n  to  the leach ed  sample and th en  th e  excess sodium i s  determ ined 
by th e  copper com plex of EDTA u s in g  p y r id y l azonaph tho l as an 
in d ic a to r .  The t i t r a t i o n  is  c a r r ie d  out in  a  p a r t i a l l y  aqueous 
medium.387
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Use o f barium rho d izo n a te  Impregnated f i l t e r s  has been 
suggested  fo r  determ in ing  aero so l s u lf u r ic  a c id . 171 The barium  
rh o d izo n a te  i s  d isc o lo re d  and e v a lu a tio n  can be made by comparison 
w ith  s ta n d a rd s . A c tu a lly  the  method determ ines the t o t a l  s u lf a te  
co n ten t p resen t as l iq u id  a e ro so l.
C, METHODS DETERMINING ACIDITY
A c id ity  is  g e n e ra lly  determ ined by e i th e r  a measurement o f pH 
or by a c id im e trlc  t i t r a t i o n .  Junge and Scheich in  th e i r  c la s s ic  
p a p e r 249  compared th e  pH measurement method w ith  t i t r im e t r l c  
p ro ced u res . I f  the d ecrease  in  pH from blank v a lu es i s  taken  as 
the  m easure of f re e  s u lf u r ic  acid  c o n c e n tra tio n , r e s u l t s  ob ta ined  
may be up to  a f a c to r  o f 30 lower than  th a t  determ ined by t i t r a t i o n  
to  b lan k  pH v a lu es . Beyond a doubt th is  i s  due to  n e u tr a l iz a t io n  
of th e  f r e e  acid  by weak b ases , such as ammonia and some o rgan ic  
b a se s . I n te re s t in g ly  enough, in  h ig h ly  in d u s tr ia l iz e d  urban 
atm ospheres such as  London, th e  d if fe re n c e  in  a c id  co n cen tra tio n  
determ ined by the two methods i s  very  sm all. A pparently  t h i s  
d a ta  In d ic a te s  th a t  l i t t l e  o r no n e u tr a l iz a t io n  of the  f re e  a c id  
tak es  p lace  in  such atm ospheres. This d a ta  a ls o  shows a good 
c o r r e la t io n  between t o t a l  s u lf a te  and f re e  ac id  co n c e n tra tio n .
The f i r s t  s ig n i f ic a n t  method fo r  determ in ing  ae ro so l a c id i ty  
was t h a t  reported  by Coste and C o u rie r , 108 Some id ea  o f the  
method used fo r s u l f u r ic  acid  load ing  of such atmospheres may be 
o b ta in ed  from th e i r  c o l le c t io n  p rocedure . They sa tu ra te d  th e  
sample stream  w ith w ater vapor and then passed i t  through an 
Ice -co o le d  f la sk . The aero so l s u lf u r ic  acid  served as condensation
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n u c le i  and th e  condensate  was c o l le c te d .  They measured pH as an 
index  of a c id i ty .  N eedless to  sa y , th e  sam pling p ro cess  was 
te d io u s ly  long and slow .
The nex t Im portan t p u b lic a t io n  was by Mader, e t  a l . 310  and 
came a decade and a  h a l f  l a t e r .  Whatman f i l t e r  papers were washed 
w ith  deion ized  w a te r u n t i l  th e  pH o f  th e  leach  s o lu t io n s  were 
co n s ta n t w ith in  +  O.O3 u n i t s .  These were d r ie d ,  used f o r  sam pling 
and subsequen tly  m acerated w ith  an a l iq u o t  o f  w ater and th e  pH 
m easured. These In v e s t ig a to r s  were th e  f i r s t  to  n o te  th a t  s u l f u r ic  
ac id  co n ten t o f  u rban  ambient a i r  (Los Angeles and London) had a 
c o r re la t io n  w ith  fo g .
About an o th e r decade and a h a l f  l a t e r ,  Commins106  p u b lish ed  a  
t l t r i m e t r i c  method to  determ ine a c id i ty .  Noting th a t  d i r e c t  
t i t r a t i o n  w ith  b ase  y ie ld  u n u su a lly  low r e s u l t s ,  he e x tra c te d  th e  
f i l t e r  w ith  a  known excess o f sodium te t r a b o ra te  s o lu t io n  to  
p rev en t th e  a c id  p a r t i c le s  from re a c t in g  w ith  in s o lu b le  b a s ic  
m a te r ia l .  The r e s u l t in g  s o lu t io n  was th en  back t i t r a t e d  w ith
0 .0 1  N H2S0 4 w ith  bromthymol b lu e  as in d ic a to r  which changed 
c o lo r  a t  about pH 7 .  A few y ea rs  l a t e r  P ersson381  re p o rte d  a 
method o f t i t r a t i n g  th e  c o l le c te d  sample w ith base  to  pH 5 to  ge t 
"s tro n g  a c id s ” and to  pH 7 to  g e t t o t a l  a c id .
In re c e n t y e a rs  B ro sse t and h is  cow orkers69 i n  Sweden have 
e x te n s iv e ly  s tu d ie d  and improved m ic ro t i t r im e t r ic  p rocedures fo r  
determ in ing  a c id i ty .  They have a ls o  shown th a t  w ith  th e  a id  o f 
supplem entary a n a ly s e s , v a lu ab le  in s ig h t  to  atm ospheric p a r t ic u la te  
c o n c e n tra tio n s  can be gained from t o t a l  a c id i ty  measurem ent. They
112
ap p lied  th e  Gran t i t r a t i o n  tech n iq u es183 ( p lo t t in g  the d a ta  as 
~ EF/RT10 v s . volume b ase ; E = m i l l i v o l t s ,  F « Faradaic  c o n s ta n t,
R « Gas C o n stan t, T = tem perature in  °K) and using  a pH k  leach  
so lu tio n  they  were ab le  to  reach  a  LOD ( l im i t  o f d e te c tio n )  o f 
5 H2S0 4 in  a  volume o f 5 m l. 31  L a te r th e  method was
semiautomated by g en era tin g  th e  hydroxyl ion  c o u lo m e tric a lly  and 
by using an ex p o n en tia l fu n c tio n  g en era to r to  d i r e c t ly  reco rd  the  
G ra n - t i t r a t io n  p l o t . 32  In  a paper p resen ted  a t  an ACS m eeting 
f iv e  years ago B ro sse t68 commented th a t  he regards th e  problem  o f 
determ ining s tro n g  ac id  co n ten t o f  ac id  a e ro so ls  as so lved .
A pparently  B ro s s e t 's  complacence was n o t shared by o th e r  
w orkers. In  th e  very n ex t ACS m eeting , Dzubay, e t  a l . l43a  presen ted  
an involved method fo r  continuous m onitoring fo r ae ro so l a c id i ty  
using  a m odified  NOx chemiluminescence d e te c to r .  The instrum ent 
samples a i r  f o r  13 m inu tes, s to re s  th e  a i r  in  a chamber and 
l e t s  in  a  c o n tro lle d  amount o f  ammonia from a  perm eation tu b e . 
Ammonia r e a c ts  w ith  th e  s u lfu r ic  a c id  a e ro so l to  form ammonium 
s u lfa te  a e ro s o l .  The a i r  sample i s  th en  f i l t e r e d  to  remove the  
a e ro so l co n te n t and th e  excess ammonia I s  passed over h ea ted  copper 
wool a t  800°C ( s u b s t i tu te d  by Gold wool a t  1000°C in  a subsequent 
p u b lic a t io n ) .  The ammonia i s  th u s  converted to  n i t r i c  oxide which 
is  measured by a chemiluminescence d e te c to r .  For th e  n ex t 18 
minutes th e  in strum ent goes through th e  same process excep t th a t  
th e  ammonia a d d itio n  s tep  i s  o m itted . This determ ines th e  blank 
va lu e . The in strum ent i s  automated to  re p e a t the  c y c le s .
I t  i s  d o u b tfu l how u se fu l th i s  method would be to  m easure
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am bient a c id  a e ro so l l e v e l s ,  s in c e  the  NOx m onitors s t i l l  do not 
have s u f f i c i e n t  s e n s i t i v i t y .  Moreover, a  com plete n e u t r a l iz a t io n  
o f  the  ac id  c o n te n t i s  assum ed, which may o r may not be a  v a lid  
assum ption depending on th e  ty p e  o f a e ro so l load ing  enco u n tered . 
N e u tra l iz a t io n  may a lso  b e  a  fu n c tio n  o f  hum idity  because 
hum idity  governs whether th e  b i s u l f a te  s a l t s  a re  p re se n t in  a  
s o lid  s t a t e  o r  in  a l iq u id  s o lu t io n .  A d e ta i le d  d is c u s s io n  of 
t h i s  a sp e c t i s  given l a t e r  in  th is  c h a p te r .
Two no v e l methods w ere developed in  th is  la b o ra to ry  fo r  
d e term in ing  a c id i ty .  The f i r s t  oneSS6 was a sp ec tro p h o to m etric  
p rocedure and employed a  s o lu t io n  o f bromophenol b lu e  to  leach  
th e  a c id  o f f  th e  f i l t e r .  The d isp lacem ent o f  th e  in d ic a to r  
e q u ilib riu m  between th e  d is s o c ia te d  and n o n -d is so c la te d  form was 
measured by n o tin g  the  d e c re a se  in  absorbance a t  587 tun due 
to  th e  io n ize d  form.
The second method527 was developed a t  th e  same tim e and th is  
was based on a  r in g  oven tech n iq u e . A f te r  removal o f  th e  v o la t i l e  
a c id s  by h e a t in g ,  the  f i l t e r  was p laced  a t  th e  c e n te r  o f  a r in g  
oven and sp o tte d  w ith p o tass iu m  bromide s o lu t io n  which was then 
washed to  th e  r in g  zone. N ext, an a l iq u o t  o f sodium f lu o re s c e in  
s o lu t io n  was sp o tted  and washed to  th e  r in g  zone. P o tassium  
bromate was nex t added e n c i r c l in g  th e  o u te r  p e rip h ery  o f th e  r in g . 
Bromine, which was l ib e r a te d  by the  brom ate -  bromide -  p ro ton  
r e a c t io n  re a c te d  w ith sodium f lu o re s c e in  to  produce e o s in .  The 
in te n s i ty  o f th e  co lo r was th en  compared w ith  s ta n d a rd s .
Use o f  an in d ica to r-im p re g n a ted  f i l t e r  has been p a te n te d  fo r
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th e  d e te rm in a tio n  o f  a e ro so l a c i d i t y . 359  The a c id i ty  was d e te r ­
mined by com parison w ith  s ta n d a rd s . Jo h n sto n e  and Gerhard172  
developed an invo lved  method w ith  a  f i l t e r  im pregnated w ith  
thymol b lu e  which tu rn s  y e llo w  w ith  a c id . A c o lo r im e te r  m easured 
th e  in t e n s i ty  o f  th e  yellow  sp o t through a  low power m icroscope.
The same techn ique  was used l a t e r  by W aller520 to  m onitor London a i r .
In  a  re c e n t p u b lic a t io n  Huygen224  re p o r te d  a method th a t  
in v o lv es  f ix a t io n  o f  th e  a c id  a e ro so l a f t e r  i t s  c o l le c t io n .
A fte r  sample c o l le c t io n  th e  f i l t e r  was t r e a te d  w ith  d ie th y lam in e  
vapor whence th e  d ie th y lam in e  re a c te d  w ith  th e  ac id  a e ro so l form ing 
a s a l t .  Excess d ie th y lam in e  was th en  ev ap o ra ted  by blow ing a i r  
through th e  f i l t e r .
The bound d ie th y lam in e  was th en  determ ined  sp ec tro p h o to m e tr i-  
c a l ly  by f i r s t  le ac h in g  w ith  carbon d i s u l f id e  to  produce 
d ie th y ld lth io c a rb a m a te  which was then  re a c te d  w ith  c u p ric  c h lo r id e  
to  produce th e  copper d ie th y ld lth io c a rb a m a te  complex . 505 
In te r fe re n c e s  were re p o rte d  due to  b ind ing  o f  d ie th y lam in e  by 
weak ac id s  such as ammonium s u l f a t e  u n le ss  th e  d ie th y lam in e  vapor 
was a b s o lu te ly  d ry . A lso , a d so rp tio n  b in d in g  o f  th e  h ig h ly  p o la r  
d ie th y lam in e  to  a tte n d a n t p a r t i c u la t e  m a tte r  cou ld  be expected  
to  cause se rio u s  e r r o r s .
F in a l ly ,  a  sp ec tro p h o to m etric  method has been d e sc rib e d  th a t  
c la im s to  m easure s u l f u r ic  a c id  s p e c i f ic a l ly  b u t a c tu a l ly  
m easures a c id i ty .  A ir sample i s  drawn th ro u g h  an a liq u o t  o f  w a te r , 
which i s  then  t r e a te d  w ith  ammonium vanadate  s o lu t io n .  Form ation  
o f po lyvanadates a t  low pH r e s u l t s  in  a  y e llo w  c o lo r which i s
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m easured. The method su ffe rs  from In te rfe re n c e  due to  various 
a n io n s .
D. METHODS DETERMINING AEROSOL SULFURIC ACID
I. Instrum en ta l S p e c la tio n : As o f  th is  w r i t in g ,  a l l  in s tru m en ta l
tech n iq u es capab le  o f d i f f e r e n t ia t in g  s u lfu r ic  a c id  from i t s  
s a l t s  th a t  have been  developed a re  sem iq u an tita tiv e  a t  b e s t .  
Automated gas chrom atographs in te r fa c e d  with m lcrocoulom etric  o r  
flam e photom etric d e te c to rs  have f in a l ly  been developed fo r  th e  
ra p id  d e te rm in a tio n  o f hydrogen s u lf id e ,  s u lfu r  d io x id e  and 
o rg an ic  su lfu r  compounds3 3 2 ’ 4,71 b u t su lfu r ic  a c id  i s  too r e a c t iv e  
to  e lu te  from a gas chrom atographic column w ith o u t re a c tin g .
R eported ly , u s in g  some new so p h is tic a te d  in s tru m en ta l 
tech n iq u es i t  may be p o ss ib le  to  determ ine s u l f u r ic  acid a e ro so l 
s p e c i f i c a l ly .  These methods a r e  aw aiting f u r th e r  developm ents. 
They in c lu d e :, plasm a source em ission  sp ec tro sco p y , 1 m olecular 
c o r re la t io n  sp ec tro sco p y 530 ( a ls o  re fe rred  to  a s  mask or D2 
spectro scopy , so c a l le d  because a mask s p e c ia l ly  fa b ric a te d  fo r  
a  p a r t ic u la r  compound e lec tro m ech an lca lly  g e n e ra te s  th e  second 
d e r iv a t iv e  o f tra n sm itta n c e  v s .  w avelength), p h o to io n iz a tio n  mass 
sp ec tro m etry , 134  in f ra re d  l a s e r  atmosphere m o n ito rin g  system 
(ILAMS) , 463 Remote Raman system  (RES) (using a  u v - la se r  to  
s tim u la te  Raman S c a t te r  from a irb o rn e  p a r t i c u la t e s ) , 476 long p a th  
in f ra re d  a n a ly s is , 470 and e le c t r o n  microprobe a n a ly s is  (a lso  
c a l le d  the scanning  e le c tro n  m icroprobe, SEM) . 6 ’ 57  Not a s in g le  
one o f  the above methods i s  l i k e ly  to  become a  choice method 
f o r  ae ro so l s u l f u r ic  acid in  th e  immediate f u tu r e .
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In fra re d  sp ec tro m etry  has been used62-3 to  determ ine b o th  
ammonium and s u l f a t e  io n s . Samples c o l le c te d  in  d i f f e r e n t  s ta g e s  
o f  a cascade im pacto r were made up in to  KBr p e l l e t s .  In  u rb an
H" csam ples the  bands a t t r ib u te d  to  NH4 and S04  were p re se n t 
p r in c ip a l ly  in  th e  submicron s iz e  f r a c t io n  and they were 
a b sen t in  samples c o l le c te d  in  a  d e s e r t .  L a te r ,  Cunningham and 
h i s  group114 v a s t ly  improved th e  s e n s i t i v i t y  and r e s o lu t io n  by 
ap p ly in g  F o u rie r  tra n sfo rm a tio n  to  p ro cess  th e  s ig n a l ,  develop ing  
what i s  now c a l le d  F o u rie r  Transform  In fra re d  Spectroscopy (jFTIR). 
Both accum ulation  tim e and a n a ly s is  time have been d r a s t i c a l l y  
red u ced . P o tassium  bromide p e l l e t  s p e c tra  w ere ob ta ined  f o r  s iz e  
f ra c t io n a te d  sam ples from IOO-36OO cm- 1 . The bands a t  litOO 
and J>lkQ cm-1  have been ass ig n ed  to  th e  ammonium ion and th o se  
a t  1110 and 620 cm" 1 to  th e  s u l f a t e  io n . The method was a p p lie d 115 
fo r  continuous m on ito rin g  (3  h r .  sam ples) d u rin g  a re c e n t p o l lu t io n  
e p iso d e  (C hicago, 1975)* Th6 com plexity  o f  th e  sp e c tra  w ith  
th e  appearance o f s e v e ra l o th e r  bands made com plete i n t e r p r e ta t io n  
im p o ss ib le . Some bands were ass ig n ed  to  sp e c ie s  th a t  a re  "more 
a c id ic  than b i s u l f a t e "  accord ing  to  th e  a u th o r s .  The com plex ity  
o f  th e  sp e c tra  i s  n o t unexpected s in c e  complex sp ec ies  such as 
(NH4)3H (S04) 2  ( l e c to v ic i t e )  a re  e s ta b lis h e d  c o n s t i tu te n ts  
o f  atm ospheric a e r o s o ls . 69 An in te g ra te d  " s u l f a t e  a c id i ty  index" 
as proposed by Cunningham i s  th e r e fo re  o f q u e s tio n ab le  u t i l i t y .
D ire c t in s tru m e n ta l s p e c la t io n  has so f a r  been 
dom inated by e le c t r o n  o r o p t ic a l  m icroscop ic  te c h n iq u e s . E le c tro n  
m icroscop ic  i d e n t i f i c a t i o n  o f ammonium s u l f a t e  a e ro so l has been
re p o rte d  by Heard and W iffen . 199 Lodge and h i s  cow orkers, by 
f a r  th e  most a c t iv e  group in  th is  f ie ld  o f  r e s e a rc h , have 
d e sc rib ed  o p t ic a l  and e le c tro n  m icroscopic i d e n t i f i c a t i o n  o f  
d i f f e r e n t  s u l f a te  sp ec ies  c o l le c te d  on v a rio u s  m edia. Chemical 
re a c tio n s  ( e . g . ,  w ith  lead  n i t r a t e )  a re  o f te n  used p r io r  to  
m icroscopic  exam ination . L odge 's  f i r s t  tech n iq u e  was to  use 
g e la tin -b a riu m  c h lo r id e -g ly c e ro l  as a  s u b s t r a te 203  to  be su p er- 
ceded by m il l ip o re  f i l t e r s 287  and then  by a s u b s t r a te  c o n ta in in g  
barium  c h lo r id e  and s l ig h t ly  a lk a l in e  bromophenol b lu e . 290 In  
th e  l a s t  c a s e , s u l f a te  sp o ts  appeared w hite  in  a  b lue  background, 
s u l f u r ic  ac id  sp o ts  appeared tu rb id  yellow  and o th e r  ac id  sp o ts  
appeared yellow  b u t n o t tu r b id .  L a te r they  proposed th e  use 
o f barium  rh o d izo n a te  im pregnated m ill ip o re  f i l t e r s . 291 
Anyz2 3 -4  has re p o rte d  how ever, th a t  g e la t in  s u b s tr a te s  im pregnated 
by a d i f f e r e n t  method y ie ld  c le a r e r  and f a s t e r  developm ents th an  
th e  above s u b s t r a te s .  A ch em ica lly  s p e c if ic  m icroscop ic  method 
u sing  a m e th y le n e d isa llc y c lic  a c id  im pregnated n i t r o c e l lu lo s e  
s u b s tra te (b a s e d  on F ie g l 's  o r ig in a l  spot t e s t )  has been r e p o r te d . 125 
The p la te s  a re  h ea ted  a f t e r  sample c o l le c t io n ,  and red  sp o ts  a re  
produced a t  th e  a c id  a e ro so l im paction  s i t e s .  R e in h art3 9 6  in c o r ­
p o ra ted  barium  c h lo r id e  in  a  p o ly v in y l a lc o h o l-g ly c e ro l s u b s t r a te  
co n ta in in g  a t r a c e  o f T riton -X -100 .
In a l l  o f th e  above ca se s  c h a r a c te r i s t i c  p a t te rn s  due to  a 
p a r t i c u la r  sp e c ie s  appear; th e s e  a re  c a l le d  L iesegang r in g s .
In  th e  case  o f s u l f u r ic  ac id  p a r t i c l e s ,  a un ique p a t te r n  o f  a 
c e n t r a l  spo t surrounded by s a t e l l i t e  drops o f  graded s iz e s  a re
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ob serv ed . 2 9 3 ,3 3 0  Ammonium s u lf a te  on th e  o th e r hand, y ie ld s  a 
d i s t i n c t l y  d i f f e r e n t  type o f s p o t. I t  must be remembered th a t  
m icroscopic a n a ly s is  r e l i e s  on th e  assum ption th a t  in d iv id u a l  
a e ro so l p a r t i c le s  in  th e  atm osphere a re  chem ically  p u re  s p e c ie s , 
an assum ption th a t  i s  unproven bu t g e n e ra lly  regarded  to  be v a l id .  
The o r ig in a l  p a r t i c l e  s iz e  and t o t a l  amounts a re  e s tim a ted  using  
s t a t i s t i c a l  tech n iq u es developed by Lodge. 389
In  a very  Im pressive  and e x te n s iv e  in v e s t ig a t io n  using  
e le c tro n  m icroscopy an A u s tra lia n  re se a rc h  team60 has shown the  
s u p e r io r i ty  o f th in  evaporated  copper f ilm s  as s u b s tr a te s  in  th e  
study o f p a r t ic u la te  s u l f a te s  and a e ro s o l  s u lf u r ic  a c id .  They 
have a ls o  in v e s t ig a te d  o th e r  s u b s tr a te s  such as carbon  and film s 
o f  barium  c h lo r id e ,  b en z id in e  and s i l v e r  n i t r a t e .  In  a l l  c a se s , 
s u l f u r ic  a c id  d ro p le ts  produce sp o t p a t te r n s  th a t  a re  uniquely  
d i f f e r e n t  from ammonium s u l f a te  and o th e r  m a te r ia l .  The 
in te r e s te d  rea d e r  i s  r e f e r r e d  to  th e  o r ig in a l  a r t i c l e  c o n ta in in g  a  
s e r ie s  o f e x c e l le n t  e le c tro n  photom icrographs. Copper f ilm  
having a  th ick n e ss  around 50 A has been recommended to  be th e  
b e s t  f o r  th e se  p u rp o ses . Varying f i lm  th ic k n e sse s  y ie ld  s l ig h t ly  
d i f f e r e n t  b u t s t i l l  un ique spo t p a t t e r n s .  E a r l i e r ,  im paction 
on evapora ted  iro n  f ilm  was re p o rte d 315  and a  q u a n t i ta t io n  method 
w ith  a com bination m ic ro sco p y -p h o to co lo rim e tric  tech n iq u e  was 
developed.
Two o th e r  in te r e s t in g  r e s u l t s  came ou t o f th e  A u s tra lia n  
s tu d y . Even w ith in  th e  span o f th e  s tu d y  (I968-I973) an in c re a se  
in  s u l f u r ic  ac id  c o n te n t o f  th e  s tr a to s p h e re  was o b se rv ed , and
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th e  l a s t  s e t  o f  measured v a lu e s  were c e r ta in ly  much h ig h e r  than 
th e  a v a i la b le  d a ta  In d ic a te d  f o r  I9 6 I .  A lso , from sam ples c o lle c te d  
over Wyoming, U .S .A ., they re p o r te d  t h e i r  f a i lu r e  to  d e te c t  
ammonium p e r s u lf a te  a t  a l t i t u d e s  over 15 Km, a lth o u g h  i t  was s t i l l  
d e te c t lb le  in  th e  lower edges o f  th e  s tr a to s p h e re .  In  an e a r l i e r  
s tudy  ( I 9 6 6 )161 over th e  same lo c a t io n ,  ammonium p e r s u l f a te  was 
shown to  be an im portan t c o n s t i tu e n t .  In  f a c t ,  I t  i s  g e n e ra lly  
reg ard ed  to  be a  s ig n i f ic a n t  c o n s t i tu e n t  o f  the  c o n t in e n ta l  
s ta to s p h e r ic  a e ro so l mass.
This in fo rm atio n  i s  im p o rtan t when viewed in  th e  l ig h t  o f th e  
fluo rocarbon-ozone  co n tro v e rsy . Ammonium p e r s u l f a te  i s  formed 
supposedly through a  slow r e a c t io n  between ammonium s u l f a te  
a n d /o r  s u l f u r ic  a c id  and ozone. These d a ta  would in d ic a te  th a t  
w h ile  a irb o rn e  s u l f a te  c o n te n t i s  in c re a s in g  in  th e  lower 
s tr a to s p h e re  th e  ozone co n ten t in  th e  upper s tr a to s p h e re  i s  
d e c re a s in g .
A nother in s tru m e n ta l method o f d o u b tfu l s p e c i f i c i t y  determ ines 
a e ro so l s u l f u r ic  a c id . 472  P o ly carb o n a te  f ilm  i s  used as an 
im paction  su rfa c e  which i s  e tch ed  w ith  sodium h y drox ide  a f t e r  
sam pling . A pparen tly  h o les  a re  etched  where s u l f u r ic  a c id  d ro p le ts  
a re  im pacted . The f ilm  i s  th en  used as the  d i e l e c t r i c  m a te r ia l  
o f  a  c a p a c ito r  and when v o lta g e  i s  ap p lied  ac ro ss  th e  c a p a c ito r  
te rm in a ls  sp a rk in g  o cc u rs . The number o f  sparks i s  p ro p o rtio n a l 
to  th e  number o f h o les  and th e re fo re  to  s u l f u r ic  a c id  c o n te n t. 
A lthough la b o ra to ry  s tu d ie s  seem to  w ork, i t  i s  h ig h ly  probable  
th a t  v a r ia t io n  in  p a r t i c l e  s iz e  would a f f e c t  th e  o p e ra tio n  of th e
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sp a rk  r e p l ic a  c o u n te r . F u rtherm ore , no th ing  I s  known about 
how v ario u s  o th e r  a irb o rn e  p a r t i c u la te  m a te r ia l  may a f f e c t  th e  
po ly ca rb o n a te  f ilm .
A novel and h ig h ly  c o n tro v e rs ia l  approach to  con tinuous 
m on ito ring  has been d esc rib ed  by C h arlso n , e t  a l . , 94  u t i l i z i n g  
a r a th e r  s o p h is t ic a te d  in stru m en t c a l le d  th e  hum idograph.so 
Although th e  method i s  s e m iq u a n tita tiv e  a t  b e s t ,  i t  w i l l  be d i s ­
cussed in  some d e t a i l  because c e r t a in  in s ig h ts  gained from th e  
work o f th e se  au th o rs  have been used in  th e  p re se n t work, to  be 
d e sc rib e d  l a t e r .
The ap p ara tu s  may be d e sc rib e d  as a double beam nephelom eter 
which measured th e  l ig h t  s c a t te r in g  c o - e f f ic ie n t  ( b ^ i n  b o th  
th e  re fe re n c e  and sample compartments and e le c t r o n ic a l ly
y ie ld e d  th e  sample -  re fe re n c e  q u o tie n t .  An a l iq u o t  o f  a i r  sample
owas h ea ted  f i r s t  to  10-20  C above am bient tem p era tu re  to  reduce 
r e l a t iv e  hum id ity  (R .H .) to  c a . 30$ or below and th en  d iv id ed  
in to  th e  re fe re n c e  and th e  sample c e l l s .  The sample c e l l  was 
provided w ith  c o n tro lle d  i n l e t s  o f w ate r vapor to  vary th e  
hum idity  co n tin u o u sly  which was m onitored  through two independent 
s e n so rs , tem pera tu re  and dew point. Both th e  compartments were
equipped w ith  a c o n tro lle d  ammonia i n l e t .
bon as a  fu n c tio n  o f  R.H. . . . , . . „When — gP_ k----a t  & M--------------  p lo t te d  a g a in s t  R.H.
sp 2 /“ * *
( th e  p lo t  i s  c a l le d  a  humldogram), in f l e c t io n  p o in ts  were observed 
on an  o th erw ise  r e l a t iv e ly  f l a t  curve  i f  d e liq u e sc e n t compounds 
were p re se n t as a e ro s o ls .  These in f l e c t io n  p o in ts  appeared 
a t  r e l a t iv e  hum idity  v a lu es  c h a r a c t e r i s t i c  o f  each compound.
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These v a lu e s j o f  c o u rse , were no th in g  o th e r  th an  th e  r e l a t iv e  
hum idity  v a lu es  co rrespond ing  to  th e  vapor p re s su re s  a s so c ia te d  
w ith  a s a tu ra te d  s o lu t io n  o f p a r t i c u la r  s a l t s  a t  p a r t ic u la r  
tem p e ra tu re s . Below th i s  r e l a t iv e  hum idity  th e  s a l t  rem ained a 
dry p a r t ic u la te  and as th e  hum idity  was r a is e d  and exceeded th i s  
v a lu e , i t  grew sudden tly  in to  a  d ro p le t ;  th u s ,  th e  sudden 
In c re a se  in  th e  b g^ q u o tie n t and th e  in f l e c t i o n  p o in t on th e  cu rve. 
P a s t th e  in f l e c t io n  p o in t th e  curve again  ro se  m o n o to n ica lly .
S ince bo th  s u l f u r ic  ac id  and ammonium b i s u l f a t e  a re  h ig h ly  
h y g ro sco p ic , they gave r i s e  to  m o n to n ica lly  r i s i n g  hum idogram s.
A humidogram was tak en  a g a in , a f t e r  ammonia a d d i t io n .  The 
fo u r  d i f f e r e n t  c a te g o r ie s  o f humidograms observed by C harlson  
were:
a) monotonic b e fo re  NH3 a d d i t io n ,  NH3 caused an  in f l e c t io n  a t  
~  80# R.H.
b ) in f l e c t i o n  p re se n t a t  ~  80# R.H. enhanced by NH3 a d d it io n
c) i n f l e c t io n  p re se n t a t  ~  80# R.H. no change w ith  NH3 a d d it io n
d) m on o to n ica lly  r i s in g  curve u n a ffe c te d  by NH3 .
The method as such cannot d is t in g u is h  between ammonium 
b i s u l f a t e  and s u l f u r ic  a c id  and they were r e f e r r e d  to  to g e th e r
as 'a c id  s u l f a t e s . '  N oting th a t  a t  l e a s t  5O-5O# of th e  t o t a l
a e ro so l lo ad in g  must be ammonium s u l f a te  f o r  a  p e rc e p tib le  
in f l e c t i o n  p o in t th e  above c a te g o r ie s  then  re p re s e n t in  re s p e c tiv e  
o rd e r :  a e ro so l dom inated by ac id  s u l f a te  s p e c ie s ,  a e ro so l
dom inated by bo th  ammonium s u l f a te  and a c id  s u l f a t e  s p e c ie s ,  a e ro so l 
dom inated by ammonium s u l f a t e ,  and a e ro so l n o t dom inated by
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ammonium or acid sulfates.
W hile th e  f i r s t  two co n c lu s io n s  a re  r e a d i ly  i n t e l l i g i b l e  
the  second tw o, in  th is  a u th o r 's  o p in io n , a re  no t so obv ious, 
and th e se  were c h a r a c te r i s t i c  o f  urban samples ob ta in ed  n ea r the  
S t. Louis a r e a .  For th e  t h i r d  case  i t  i s  p o s s ib le  (a d m itte d ly  
u n lik e ly )  f o r  m a te r ia l  o th e r  th an  ammonium s u l f a te  to  cause 
an i n f l e c t i o n  p o in t and f o r  b o th  th e  t h i r d  and fo u rth  cases  th e re  
i s  a d i s t i n c t  p o s s ib i l i ty  t h a t  th e  ac id  s u l f a t e  d id  no t r e a c t  
with ammonia, e s p e c ia l ly  in  view o f Junge and S ch e ich 's  c l a s s i c  
work249 where they showed th a t  ac id  a e ro so l p a r t i c l e s  were q u ite  
s ta b le  even in  th e  p resence  o f  excess ammonia. They had concluded 
th a t  th e  a e ro s o l  p a r t ic le s  a r e  p ro te c te d  by an o i l  f ilm  o r some 
o th e r o rg a n ic  m a te r ia l ;  a  v e ry  lo c ig a l  co n c lu s io n  when p r in c ip a l  
sources o f u rban  ae ro so l s u l f u r  a re  co n s id e red . On th e  o th e r  
hand, i t  I s  p o s s ib le  th a t  th e  r u r a l  background r e s u l t s  p r im a r ily  
from long  range tra n s p o r t  o f  s u lfu r  d io x id e  and i t s  o x id a tio n .
C h arlso n  concluded t h a t  th e re  i s  no s ig n i f ic a n t  in c re a s e  in  
a e ro so l ammonium s u lf a te  o r  a c id  s u lf a te  co n te n t in  going from 
r u ra l  to  u rban  atm osphere. C h a rlso n 's  co n c lu sio n s  th e re fo re  
become s u b je c t  to  proof by a l t e r n a t iv e  m ethods. To account fo r  
the  ap p aren t co ex is ten ce  o f  f r e e  ammonia and a c id  s u l f a t e s , in  
a very re c e n t  p u b lic a tio n  Lau and C harlson269 have proposed th a t  
the a c tu a l  ammonia c o n c e n tra tio n s  a re  le s s  th an  measured v a lu e s .
C o n cen tra tio n s  o f th e  t o t a l  ammonium s u l f a t e  and ac id  
s u lf a te  sp e c ie s  has been c a lc u la te d  by C h arlso n , e t  a l . 05  from 
th e  a b s o lu te  value  of th e  s c a t te r in g  c o e f f i c i e n t .  They have a lso
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c a r r ie d  out an a e ro so l phase t i t r a t i o n .  Ammonia was added 
u n t i l  th e  f i r s t  in f l e c t io n  p o in t appeared on th e  humidogram and 
f u r th e r  amnonia was added u n t i l  th e re  was no f u r th e r  enhancement 
o f  th e  in f le c t io n .  From the two "end p o in ts"  re sp e c tiv e  va lu es  
o f  ammonium b i s u l f a t e  and s u lf u r ic  ac id  can be o b ta in ed . The 
appearance of an in f le c t io n  p o in t a t  R.H. 60- 65$ has been observed 
in  some urban sam ples, the  au th o rs  concluded th a t  i t  may be due 
to  th e  ( 1^ 4)3 H(S04 ) 2  ( le to v ic i te )  phase.
In  the p re se n t a u th o r 's  o p in io n , although C h arlso n 's  work 
re p re se n ts  a very v a lu a b le  c o n tr ib u tio n  towards th e  understand ing  
o f  physico-chem ical behavior o f  atm ospheric s u l f a te s  and towards 
an e n t i r e ly  new approach to  t h e i r  d e te rm in a tio n , th e  a p p l ic a b i l i ty  
o f  th e  method i s  h ig h ly  q u e s tio n ab le . Even d is reg a rd in g  th e  
com plexity and p o s s ib le  cost o f f a b r ic a t in g  such an instrum ent 
com m ercially , th e  method would n o t work un less  th e  ammonium/acid 
s u l f a t e  content i s  a t  le a s t  50- 50$  o f the  t o t a l  a e ro so l lo ad in g . 
A lso , b Sp i s  a h ig h ly  p a r t ic le  s iz e  governed p aram eter, dom inantly 
c o n tro lle d  by th e  p a r t ic le s  in  th e  0 .1 -1  p s iz e .  The authors 
j u s t i f i e d  th is  by s ta t in g  th a t  fo r tu n a te ly  p roducts  o f gas to  
p a r t i c l e  conversion  (c h ie fly  o x id a tio n  o f s u lfu r  d iox ide) accum ulate 
i n  t h i s  s ize  ran g e . Junge and Scheich on th e  o th e r  hand, 
c a te g o r ic a l ly  s t a t e ,  on th e  b a s is  o f urban measurem ents, th a t  
w hile  Indeed th e  m ain mass (oj 90$) o f the a e ro so l loading i s  in  
th e  0 .1  pm c la s s ,  v i r tu a l ly  th e  e n t i r e  con ten t o f fre e  H i s  in  
th e  A itken ( < 0 .1  p) range. T his would make C h arlso n 1 s conclusions 
reg a rd in g  urban atm ospheres f u r th e r  su b jec t to  v e r i f i c a t io n .
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A lso , w hether n e u t r a l iz a t io n  o f  th e  a c id  ae ro so l a c tu a l ly  
occurs during  ammonia a d d it io n  w ith  th e  urban  samples rem ains to  
be answ ered.
I I .  METHODS INVOLVING PHYSICAL OR CHEMICAL SEPARATION 
Thermal S e p a ra tio n : Thermal s p e c ia t io n  in v o lv es  two main te c h ­
n iq u es: v o la t i l iz a t io n /m ic r o d i f f u s io n  and p y ro ly s is .
S c a r in g e l l i  and Rehme438 in tro d u ced  th e  f i r s t  p y ro ly s is  
techn ique in  1969- The c o l le c te d  sample was pyro lyzed a t  l(00oC 
in  a n itro g e n  s tream  and th e  l ib e ra te d  s u lf u r  t r io x id e  was 
passed  over h ea ted  copper where i t  was reduced to  s u lf u r  d io x id e . 
The s u lfu r  d io x id e  was determ ined by c o lo r im e try , m lcrocoulom etry 
o r flame photom etry . The s e n s i t i v i t i e s  re p o rte d  were 0 .3  jig,
0 .0 3  p,g, and O.OO3 W5 r e s p e c t iv e ly .  The s e l e c t i v i t y  was found to  
v ary  in  th e  o p p o s ite  o rd e r . Therm ally s ta b le  c o l le c t io n  media 
( e . g . ,  g la ss  f ib e r  o r  q u artz  f i l t e r s )  were re q u ire d . The 
method sep a ra ted  s u l f u r ic  a c id  from i t s  m eta l s a l t s , b u t s in ce  
b o th  ammonium s u l f a t e  and b l s u l f a te  decompose a t  th e  p y ro ly s is  
tem p era tu re , they  in te r f e r e d  p o s i t iv e ly .
In a more re c e n t re p o r t  o th e r  w orkers394 have a ttem pted  to  
s im p lify  S c a r r in g e l l i  and Rehme's p ro cess  by d i r e c t  im paction  
on copper w ith  subsequent th erm al re d u c tio n  to  s u lfu r  d io x id e . 
Ammonium s u l f a te  and b i s u l f a t e  o f c o u rse , s t i l l  in te r f e r e d .
In  the  same y e a r ,  D ubois, Monkman, e t  a l . 137 in tro d u ced  t h e i r  
m ic ro d iffu s io n  te c h n iq u e . The a i r  sample was f i l t e r e d  through 
a g la ss  f ib e r  sh e e t and an a l iq u o t  d is c  was cu t ou t o f  th e  sh e e t. 
The d isc  was p laced  in s id e  a  p e t r i  d ish  which was covered w ith
another p e t r i  d ish  coated  in s id e  w ith sodium hydroxide. The 
assembly was placed in s id e  a n itro g en  flu sh ed  oven a t  195°C over­
n ig h t d u ring  which p erio d  th e  s u lfu r ic  a c id  v o la t i l iz e d  from 
the  f i l t e r  and was im m obilized by the  b a se . The immobilized s u lf a te  
was subsequen tly  determ ined by barium p e rc h lo ra te  m ic ro t i t r a t io n  
w ith th o r in  as  in d ic a to r ,  a f t e r  p assin g  through an ion-exchange 
column. Again th is  method could not d is t in g u is h  between su lfu r ic  
ac id  and i t s  ammonium s a l t s , s ince they  a ls o  m icro d iffu se  under 
the  same c o n d itio n s . The method has been described  as  a p a r t  of 
a g en era l method of h igh volume a i r  sample an a ly s is  in  a l a t e r  
p u b lic a tio n 138  and was ap p lie d  to  determ ine the  s u l f u r ic  acid  con­
te n t  o f so o t by the same group , 140
I t  i s  in te re s t in g  to  examine th e  exp lanations o f fe re d  by 
the  two groups regard ing  ammonium s u l f a te  In te r fe re n c e . While 
S c a r in g e lli  and Rehme s ta te d  th a t  they  d id  not co n s id e r i t  to  be 
a s e rio u s  in te r fe re n c e  "because th is  compound forms in  th e  
atmosphere from s u lfu r ic  a c id  and gaseous ammonia", D ubois, Monkman, 
e t  a l .  d id  n o t even m ention the word in te r fe re n c e  due to  ammonium 
s u lf a te  in  t h e i r  v ario u s  papers ( in  f a c t ,  ammonium s u lf a te  was used 
as a c a l ib r a t io n  s tan d a rd ) and went on to  s ta te  th a t  " th e  major 
c o n s ti tu e n t o f p a r t ic u la te  s u lf a te  i s  calcium  s u l f a t e ,  in  the 
form of gypsum," 137 S c a r in g n e I l l 's  s ta tem en t was a  r a t io n a l iz a t io n  
ra th e r  than  an e x p la n a tio n . This au th o r has a lso  f a i le d  to  
uncover any evidence in  th e  l i t e r a t u r e  which su b s ta n tia te d  D ubois's 
sta tem ent regard ing  th e  g en era l preponderance of calcium  s u lfa te  
in  a irb o rn e  s u lf a te .
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A nother d is tu rb in g  item  appeared  from D ubois, e t  a l . ' s  f i r s t  
p u b lic a tio n  re g a rd in g  th e  m ic ro d iffu s io n  method. J u s t i f i a b l y  
they  condemned th e  a v a ila b le  d i r e c t  a c id i ty  d e te rm in a tio n  
methods as be in g  n o n s p e c if ic , a l b e i t  w ith  undue sarcasm . Then 
they went on to  s t a t e  t h e i r  only assum ption  was th a t  th e  a e ro so l 
s u l f u r ic  a c id  was c o lle c te d  q u a n t i ta t iv e ly  on g la s s  f ib e r  f i l t e r s .  
T his a g a in , as shown by l a t e r  s t u d i e s , 170 was a v a l id  assum ption.
There was an o th e r  underly ing  assum ption th a t  th e  au tho rs  
d id  no t re c o n g iae . T his was th e  assum ption  th a t  th e  c o lle c te d  
ac id  was q u a n t i ta t iv e ly  m ic ro d iffu sed  on to  the sodium hydroxide 
from th e  g la s s  f ib e r  f i l t e r .  U sing S-35 tagged s u l f u r ic  ac id  
and rad iochem ical measurements M addalone, e t  a l . 3 12  showed th a t  
even a f t e r  d r a s t i c  p re trea tm en ts  v e ry  l i t t l e ,  i f  an y , s u lf u r ic  
a c id  m lc ro d iffu se s  from a g la ss  f i b e r  f i l t e r .  Even w ith  the  
most d r a s t i c  tre a tm e n t ( th e  f i l t e r  soaked in  20# s u l f u r ic  a c id  fo r  
3 d ay s , then  b o ile d  fo r  10 m inutes th en  r in sed  in  w a te r , 80# iso p ro ­
p a n o l, and acetone to  remove th e  ex cess  ac id  and then  a i r  d r ie d  
(B arton and McAdie) 44  only 4# o f  th e  s u lf u r ic  a c id  pu t on the 
f i l t e r  was recovered  a f t e r  a  24“h r .  m icro d iffu sio n *
(This re p re se n ted  an improvement o f  a  f a c to r  o f more than 100 over 
th a t  o f u n tre a te d  f i l t e r s  -  reco v ery  0.034#.')
S ince bo th  S c a r r in g e l l i  and Rheme's and D ubois, e t  a l . ' s  
method inc luded  th e  ammonium s a l t s  w ith  the  ac id  a e ro s o l ,  on 
r e tro s p e c t  i t  becomes u n d erstan d ab le  why th e  r a t i o  o f a e ro so l 
s u l f u r ic  a c id  (p lu s  ammonium s a l t s ) / t o t a l  s u l f a t e  in  a c tu a l 
am bient samples was observed to  b e  alm ost an o rd e r  o f m agnitude
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lower by th e  second group. What D ubois, e t  a l .  a c tu a l ly  m icro­
d if fu s e d  was p robab ly  th e  ammonium s a l t  r a th e r  th a n  th e  ac id  
i t s e l f  which was f a r  more t i g h t ly  bound to  th e  f i l t e r .  Indeed 
t h i s  would a lso  e x p la in  t h e i r  cho ice  to  use ammonium s u l f a t e ,  
r a th e r  than  th e  a c id ,  as  th e  c a l ib r a t io n  s ta n d a rd .
M addalone, e t  a l . ’s 312 e x te n s iv e  in v e s t ig a t io n  covered a 
number o f o th e r  m edia, such as p o ly te tra f lu o ro e th y le n e  (PTFE), 
g ra p h ite ,  p a p e r , and N ucleopore and S o lv in e r t  f i l t e r s .  The h ig h e s t 
re c o v e rie s  were ob ta in ed  w ith  th e  f i r s t  two m a te r ia ls  and very  
l i t t l e  w ith  th e  r e s t .  A d e ta i le d  d isc u s s io n  o f o p tim iz a tio n  of 
o th e r  v a r ia b le s  such as f i l t e r  s iz e  v s .  p e t r i  d ish  d iam e te r, 
unpo lished  v s . p o lish ed  edges of a p e t r i  d is h ,  and p e rio d  of 
d if fu s io n  was g iven  in  M addalone's e x c e l le n t  d i s s e r t a t i o n .  The 
maximum recovery  th a t  he observed was ~  85$ from PTFE and g ra p h ite  
f i l t e r s .
A lthough acco rd in g  to  rep o rted  d a ta  in  th e  l i t e r a t u r e ,  
decom position o f  ammonium s u l f a te  does no t s t a r t  u n t i l  250°C , by 
means o f Iso th e rm a l tim e base  therm ograv im etric  a n a ly s is ,  Maddalone315  
showed th a t  w hile  s u b s ta n t ia l  v o l a t i l i z a t i o n  o f ammonium s u l f a te  
occurs a t  205°C, th e  e x te n t o f  v o l a t i l i z a t i o n  i s  much sm a lle r  a t 
175°C. He f u r th e r  showed th a t  s u l f u r ic  ac id  undergoes com plete 
v o l a t i l i z a t i o n  a t  125°C and s in c e  I t  was lo g ic a l  to  assume th a t  
a t  t h i s  tem p era tu re  ammonium s u l f a te  v o l a t i l i z a t i o n  would be 
m inim al, i t  cou ld  be p o s s ib le  to  d i f f e r e n t i a t e  ammonium s u lf a te  
from s u l f u r ic  ac id  by m ic ro d if fu s io n  a t  t h i s  tem p era tu re . In  
th e  f in a l  v e rs io n  o f  th e  method M addalone, e t  a l .  chose to  use
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PDA-broraide as th e  Im m obilizing ag en t and m ic ro d iffu sed  from 
p o ly te tra f lu o ro e th y le n e  f i l t e r s  p laced  on a  p o ly te tra f lu o re th y le n e  
b lo ck  a t  125°C . 313
The PD A -sulfate formed was th en  analyzed  by a  method developed 
by M addalone, e t  a l . , 313  th rough  p y ro ly s is  a t  1j00°C in  a n itro g e n  
stream  to  y ie ld  s u l f u r  d io x id e , which was measured e i t h e r  by 
th e  West-Gaeke method o r w ith  a  flame pho tom etric  d e te c to r .
J u s t  p r io r  to  th e  p u b lic a t io n  o f th e  PD A -sulfate d if fu s io n -  
p y ro ly s is  method, Leahy e t  a l . 272 p re sen ted  a thorough in v e s t ig a t io n  
o f  th e  p o s s i b i l i t i e s  o f  c o n tro lle d  v o l a t i l i z a t i o n .  They achieved 
a ~  90 $ s e p a ra tio n  between s u l f u r ic  a c id ,  ammonium b i s u l f a t e  and 
sodium b i s u l f a t e  u s in g  v o l a t i l i z a t i o n  tem pera tu res  o f 190°C,
2T5°C, and 525°C, r e s p e c t iv e ly .  Ammonium s u lf a te  was n o t in v e s t i ­
ga ted  s in c e  i t  decomposes to  th e  b i s u l f a t e  a t  250°C. The v o l a t i l i ­
z a t io n  was c a r r ie d  ou t in  q u artz  b o a ts  p laced  in s id e  a h ea ted  
q u artz  tube  w ith  a  slow n itro g e n  p u rge . A fte r  each v o l a t i l i z a t i o n  
s te p  the  tube was removed, washed in s id e  w ith  w ater and th e  
w ashings analyzed fo r  s u l f a te  tu rb id im e tr ic a l ly .  T h e ir  a ttem p ts  
to  apply  th e  method to  la b o ra to ry  g en era ted  a e ro so l m ix tu re s , 
was how ever, la rg e ly  a f a i l u r e .  Very l i t t l e  s u lf u r ic  a c id  was 
recovered  and r e s u l t s  were e r r a t i c .  They a lso  found th a t  even 
w ith  p o ly te tra f lu o ro e th y le n e  f i l t e r s , s u l f u r ic  ac id  leav es  a s ta in  
on th e  f i l t e r  upon v o l a t i l i z a t i o n ,  in d ic a t in g  a  r e a c t io n ,  which 
ex p la in ed  M addalone's e a r l i e r  o b se rv a tio n 312  th a t  th e re  e x i s t s  
a d e f in i t e  cu t o f f  p o in t  o f  m ic ro d iffu s io n  recovery  a t  th e  
lower end.
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I t  Is  g e n e r a l ly  a g r e e d  now t h a t  th e rm a l s p e c i a t i o n  o f  a c t u a l  
a m b ien t a i r  sam ples I s  u n s a t i s f a c t o r y  b e c a u se  o f  th e  enhanced  
r e a c t i v i t y  o f  th e  f r e e  a c i d  (w h ich  i s  r e a c t i v e  enough a s  i t  i s )  
to w ard s  s im u l ta n e o u s ly  c o l l e c t e d  p a r t i c u l a t e  m a t t e r . 478 In  a  
r e p o r t  a w a i t in g  p u b l i c a t i o n 105 i n s i t u  v o l a t i l i z a t i o n  h a s  b e e n  
a c c o m p lish e d  f o r  c o n t in u o u s  m o n i to r in g ,  no d i f f e r e n t a t i o n  from  
ammonium b i s u l f a t e  i s  o f  c o u r s e  p o s s i b l e .
S e p a r a t io n  by  S o lv e n t E x t r a c t i o n :
B a r to n  and McAdie4 5 ’ 46 w ere  th e  f i r s t  o n es  t o  r e p o r t  a  
s e l e c t i v e  e x t r a c t i o n  o f  t h e  f r e e  a c id  w ith  i s o p r o p a n o l .
The e x t r a c t e d  s u l f u r i c  a c id  was a n a ly z e d  a s  s u l f a t e  by  th e  
c h l o r a n i l a t e  m ethod . I n  l a t e r  w o rk ,47 th e  a u th o r s  h av e  r e p o r t e d  
a u to m a tio n  o f  th e  sy s te m  and m in im iz a t io n  o f  i n t e r f e r e n c e  due t o  
o th e r  a c i d s  th ro u g h  pH c o n t r o l  o f  th e  e x t r a c t .
H ow ever, d u r in g  th e  c o u r s e  o f  t h e i r  r a d io c h e m ic a l  s tu d y ,  
M addalone , e t  a l . 312 n o te d  t h a t  i s o p ro p a n o l  may n o t s t r i c t l y  b e  
s p e c i f i c  i n  e x t r a c t i n g  t h e  f r e e  a c i d .  T h is  o b s e r v a t io n  was 
l a t e r  c o n firm e d  by t h e  m ore d e t a i l e d  I n v e s t i g a t i o n s  o f  L eah y , 
e t  a l . 272 who showed t h a t  a l th o u g h  2 -p ro p a n o l w i l l  n o t  e x t r a c t  
ammonium s u l f a t e ,  i t  w i l l  q u a n t i t a t i v e l y  e x t r a c t  a l l  th e  ammonium 
b i s u l f a t e  and  s u b s t a n t i a l  am ounts o f  any  sodium  b i s u l f a t e  p r e s e n t .  
A f t e r  ex am in in g  a  num ber o f  o th e r  s o lv e n t s  th e y  recommended th e  
u se  o f  b e n z a ld e h y d e  a s  th e  e x t r a c t i n g  s o l v e n t ,  s in c e  i t  was fo u n d  
to  e x t r a c t  no d e t e c t i b l e  am ounts o f  ammonium b i s u l f a t e ,  sodium  
b l s u l f a t e , ammonium s u l f a t e  and sodium  s u l f a t e .
I n  a  l a t e r  p r e s e n t a t i o n ,  T a n n e r ,  Leahy and  Newman477 h av e
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s u g g e s te d  a  schem e o f  a n a l y s i s :  F i r s t  an  e x t r a c t i o n  w ith
b e n z a ld e h y d e  t o  rem ove f r e e  s u l f u r i c  a c i d ,  th e n  a n  e x t r a c t i o n  
w i th  2 -p ro p a n o l t o  rem ove b i s u l f a t e s ,  and th e n  w i th  w a te r  to  
rem ove s o lu b le  s u l f a t e s ,  e a c h  f r a c t i o n  t o  b e  a n a ly z e d  by  th e  f l a s h  
v o l a t i l i z a t i o n  -  f la m e  p h o to m e tr ic  d e t e c t i o n  t e c h n iq u e .
S tin e 4723 has suggested  an e la b o ra te  scheme based  on th e  
s e le c t iv e  e x tr a c t io n  o f  ammonium s u l f a te  and p o s s ib ly  b i s u l f a te  
from aqueous s o lu t io n s  in to  a s o lu t io n  of long c h a in  t e r t i a r y  
amines in  to lu e n e , e x tra p o la t in g  from th e  re p o rte d  b eh av io r o f 
ammonium p h osphate . 3 32  B r ie f ly  th e  scheme i s  re p re se n te d  in  
F ig u re  2 . U t i l i t y  o f  t h i s  te d io u s ly  long .and u n te s te d  procedure 
i s  q u e s tio n a b le .
What a l l  th e  p roponents o f s o lv e n t e x tr a c t io n  ap p a re n tly  
overlooked was th e  p resen ce  o f o th e r  p a r t ic u la te  in o rg a n ic  s a l t s  
such as  c h lo r id e s  o r  n i t r a t e s .  I t  i s  lo g ic a l  to  p o s tu la te  th a t  
th e  p resence  of such s a l t s  and f r e e  s u lf u r ic  a c id  w i l l  lead  to  a  
m e ta th e s is  in  th e  p resen ce  o f a s o lv e n t ,  l i b e r a t in g  th e  co rrespond­
ing  ac id  and b in d in g  up th e  s u l f a t e .  A method th a t  determ ines 
s u l f a te  in  th e  e x t r a c ta n t  and n o t a c id i ty ,  may th e r e f o r e ,  be sub­
j e c t  to  e r r o r s .
S e p a r a t io n  T hrough C hem ica l Im m o b iliz a tio n
As m e n tio n ed  b e f o r e ,  to  o b v ia te  su b se q u e n t n e u t r a l i z a t i o n  
o r  o th e r  r e a c t io n s  i t  w ould be b e s t  i f  th e  a c id  a e r o s o l  c o u ld  b e  
im m o b ilized  o r  bound  s e l e c t i v e l y  a t  t h e  moment o f  i t s  c o l l e c t i o n .  
Ihom as e t  a l . 488 showed t h a t  when m e ta l  o x id e  p a r t i c u l a t e s  w ere 
c o l l e c t e d  on a  f i l t e r  a f t e r  c o l l e c t i o n  o f  a b o u t t h e  same w e ig h t
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o f s u l f u r ic  a c id  a e ro s o l,  no s u lf u r ic  a c id  could  be d e te c te d  by 
m ic ro d iffu s io n  method.
The on ly  method employing an im pregnated f i l t e r  re p o rte d  so 
fa r  i s  due to  Thomas, e t  a l . , which im m obilizes s u lf u r ic  a c id  
a e ro so l s e le c t iv e ly  as opposed to  any o th e r  a c id  a e ro so l ( c f .  
Huygen224) .  The a i r  was sampled through a g la s s  f ib e r  f i l t e r  
im pregnated w ith  s o lid  PDA-bromide ( th e  f i l t e r  was soaked in  1 .8$  
m ethanolic  PDA-bromide s o lu t io n  and then  d r ie d  a t  80°C) and 
s u l f u r ic  a c id  which was p re s e n t  as a  l iq u id  a e ro s o l ,  re a c te d  w ith  
t h e  reag en t to  form P D A -su lfa te . The f i l t e r  was subsequently  
pyrolyzed and PD A -sulfate decomposed to  s u l f u r  d io x id e  which was 
determ ined by a flame pho tom etric  d e te c to r  o r  by th e  West-Gaeke 
method. While th i s  f i l t e r  gave th e  a c id  a e ro so l c o n te n t, an o th e r  
id e n t ic a l  f i l t e r  was sampled s im u ltan eo u sly  and then t r e a te d  
w ith  a  few drops o f PDA-bromide s o lu tio n  b e fo re  th e  p y ro ly s is  
s tep  so th a t  a l l  th e  s o lu b le  s u l f a te  was converted  to  P D A -su lfa te . 
This y ie ld e d  a  v a lu e  co rrespond ing  to  th e  t o t a l  s u lf a te  c o n te n t . 313
While th e  method was s e n s i t iv e ,  r e p ro d u c ib le , rap id  and 
capab le  o f determ in ing  b o th  th e  ac id  s u l f a t e  and t o t a l  s u l f a t e  
c o n te n t, b o th  ammonium s u l f a t e  and b i s u l f a t e  In te r f e re d  q u a n t i ta ­
t iv e ly  in  determ in ing  th e  a e ro so l s u l f u r ic  a c id  co n te n t. D uring 
p y ro ly s is ,  th e  ammonium s u l f a te s  ap p a re n te ly  decompose to  s u l f u r  
t r io x id e  which was reduced by th e  o rgan ic  m a tte r  to  s u lfu r
d io x id e . F u r th e r ,  i t  must be re a liz e d  th a t  th e  method e s s e n t i a l ly
r e l ie d  on s u l f u r ic  ac id  b e in g  a l iq u id  a e r o s o l ,  w hile  th e  o th e r
s u lf a te s  e x i s t  as  s o lid  a e ro so ls  and th e re fo re  th e  d if f e re n c e  in
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topochem ical r e a c t io n .  O bviously , t h i s  assum ption was in v a lid  
fo r  h ig h  hum idity  sam pling s i t u a t io n s .
The p re se n t work towards th e  development o f a  method more 
s p e c i f ic  to  th e  s u l f u r ic  a c id  a e ro so l (which in v o lv es  an id e n t ic a l  
sam pling procedure  save fo r  one m ajor m o d if ic a tio n )  was conceived 
w ith  th e  r e a l i z a t io n  th a t  im m o b iliza tio n  a t  th e  moment o f  c o l le c t io n  
rem ains th e  b e s t  p rocedure to  p re v e n t th e  ac id  re a c t in g  
subsequen tly  w ith  an y th in g  e l s e .  The problem then  was to  p rev en t 
in te r f e r e n c e s  occu rring , from o th e r  s o u rc e s , and to  be a b le  to  
d i f f e r e n t i a t e  th e  f r e e  a c id  from aranonium s u l f a t e  a t  a l l  am bient 
hum idity  l e v e l s .  A f u r th e r  d e s ir a b le  a sp e c t -was th a t  i t  be a 
r e l a t i v e ly  f a s t  and s e n s i t iv e  tech n iq u e  and th a t  i t  should  not 
in v o lv e  very  s o p h is t ic a te d  in s tru m e n ta tio n  such th a t  th e  techn ique  
could  be q u ick ly  adapted  to  a c tu a l  a p p l ic a t io n .
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CHAPTER VI 
BASIS FOR INTRODUCING CONTROL VALUES
"E lim in a tio n  o f  CO, SOx and d i r e c t  p a r t ic u la te s  should  a l l e v ia te  p ro ­
blems a s s o c ia te d  w ith th e se  prim ary con tam inan ts. The term e lim in a te  
does not in c lu d e  methods which merely change the n a tu re  o f the  problem . 
T a ll  s ta c k s  reduce lo c a l  S0X ground le v e l  c o n c e n tra tio n s  but a lso  
perm it la y e r in g  of h ig h  c o n c e n tra tio n s  which can come to  ground le v e l  
a t  p o in ts  many m iles d i s t a n t  and fum igate p la n ts  and an im als. 
F urtherm ore, th e  S0X em itted  a lo f t  e v e n tu a lly  ends up as  HsSO^ which 
changes th e  a c id i ty  o f  r a i n f a l l ,  r e s u l t in g  in  o th e r d e tr im e n ta l e f f e c t s  
on our environm ent.
T a ll  s ta c k s  only change th e  n a tu re  o f the  p rob lem . At b e s t th ey  
make th e  S0X p o l lu t io n  more dem ocratic and minimize h e a l th  and odor 
co m p la in ts ."
- E. A. Schuk, 1973
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A t th e  v e ry  o u t s e t  o f  t h i s  C h a p te r  i t  i s  p e rh a p s  w ise  t o  p o in t  
o u t  t h a t  i t  i s  im p o s s ib le  t o  w r i t e  a n y th in g  p e r t i n e n t  to  a l lo w a b le  
l i m i t s  o f  a i r  c o n ta m in a n ts  w i th o u t  p ro v o k in g  c o n t r o v e r s y .  The 
i n t e n t i o n  o f  t h i s  a u th o r  i s  n o t  t o  recommend any p a r t i c u l a r  
v a lu e s  f o r  a l lo w a b le  l i m i t s  o f  e i t h e r  s u l f u r  d io x i d e ,  s u l f u r i c  a c id  
o r  su sp e n d ed  s u l f a t e s .  Such a n  a t te m p t  w ould be  q u i t e  beyond 
e i t h e r  th e  e x p e r t i s e  o r  com petence  o f  th e  a u th o r .  The p u rp o se  
r a t h e r  i s  t o  make an  e v a lu a t io n  o f  th e  s ta n d a r d s  we h av e  i n  f o r c e  
t o d a y ,  b r i e f l y  lo o k  i n t o  th e  c r i t e r i a  th e y  a r e  b ased  upon and 
comment on th e  b a i s  upon w h ich  in t r o d u c t i o n  o f  new s ta n d a rd s  s h o u ld  
b e  m ade.
I n t r o d u c in g  a l lo w a b le  l i m i t s  o f  a i r  c o n ta m in a n ts  p o se s  su ch  a  
c o n t r o v e r s i a l  i s s u e  b e c a u se  tw o s e p a r a t e  l e g a l  i n t e r e s t s  o f  o u r  
s o c i e t y  a r e  in v o lv e d :
a )  th e  r i g h t  o f  ea c h  p e rs o n  t o  demand c le a n  a i r  and  c o r re s p o n d in g  
c o m p e n sa tio n s  f o r  dam ages t o  h e a l t h  and p r o p e r ty  by f o r e ig n  
c o n ta m in a n ts
b )  th e  j u s t i f i a b l e  n e c e s s i t y  f o r  c i v i l i z e d  s u r v iv a l  i n  i t s  
p r e s e n t  s t a t e ,  i . e . ,  th e  r e q u ir e m e n ts  o f  h e a t i n g ,  t r a n s p o r t a t i o n  
and  o p p o r t u n i t i e s  t o  e a r n  a  l i v i n g  i n  th e  i n d u s t r y .
A t t h i s  p o in t  i n  human h i s t o r y ,  th e  two i n t e r e s t s  do n o t a p p e a r  
to  b e  c o m p le te ly  r e c o n c i l a b l e .  What we c a n  hope f o r  i s  th e  h ig h e s t  
o p t im iz a t io n  o f  a  t r a d e o f f ,  econom ics v s .  v a lu e  ju d g m e n ts , b o th  
m e d ic a l  and e t h i c a l .
As H aag en -S m it130 h a s  s t a t e d ,  th e  m e d ic a l  e x p e r t  m ig h t d e s i r e  z e ro  
p o l l u t i o n  b u t  m ig h t ig n o re  s e r io u s  econom ic c o n seq u en c es  o f  su ch  p o l i c y .
137
With re fe re n c e  to  our p a r t ic u la r  a re a  o f I n t e r e s t ,  Amdur's p ap er17 
on th e  to x ic o lo g ic  a p p ra is a l  o f  p a r t ic u la te  m a t te r ,  ox ides o f  s u lfu r  
and s u l f u r ic  ac id  should  be regarded  as e s s e n t ia l  read in g  fo r  even 
rem otely  in te r e s te d  p e rso n s . She p o in ts  out c le a r ly  th a t  th e  s tan d a rd s  
fo r  am bient and in -p la n t  a i r  q u a l i ty  cannot and should n o t be based 
on th e  same c r i t e r i a .  The p o p u la tio n  a t  r i s k  i s  q u ite  d i f f e r e n t  in  
th e  case  o f  community h e a l th  e f f e c t s  as opposed to  th e  average indus­
t r i a l  w orker, and as Amdur s ta t e s  so s u c c in c t ly ,  "There i s  no reaso n ab le  
need to  c o n tro l  in - p la n t  i n d u s t r i a l  atm osphere to  the  p o in t where some­
o n e 's  80-y e a r  o ld  grandm other would f lo u r is h  th e r e ."
Beyond a  doubt one may choose to  be somewhat extrem e in  in te r p r e t in g
l O  3such s ta te m e n ts . In  a  d isc u s s io n  o f  Amdur's p a p e r , C layton  s t a t e s :  
" I f  no t overwhelmed by r a p id i ty  o f change o r  to o  h igh  co n c e n tra tio n s  
o f am bient contam inants man can p robab ly  meet th e  ch a llen g e  o f minimal 
a irb o rn e  p o l lu t io n .  To what e x te n t he p ro te c ts  th e  weaker members o f 
h is  s o c ie ty  i s  a v a lu e  judgm ent." Indeed i t  i s  a v a lu e  judgm ent, bu t 
what i s  th e  d e f in i t io n  of minimal a i r  p o l lu t io n  and who a re  th e  'w eaker' 
members o f  our so c ie ty 7  S u rv iv a l o f th e  f i t t e s t  may be v a l id  fo r  th e  
anim al kingdom b u t i s  i t  o r  should i t  be v a l id  fo r  hotno-sap ien-sap iens 
as  w ell?  The brew ers o f W estm inster o f fe re d  to  bum  wood In s te a d  o f  
c o a l because th e  Queen o f England was a l l e r g ic  to  co a l smoke b u t what a re  
th e  chances th a t  they would .have made th e  same o f f e r  i f  i t  involved a 
hundred o rd in a ry  people? What i s  th e  extrem e view in  th i s  regard? Back 
in  I 9 5 8 , Rush426 w ro te : "Man, a  s in g le  s p e c ie s ,  has become an Im portan t
g e o lo g ic a l and e c o lo g ic a l  in f lu e n c e  on e a r th  and h is  powers over
th e  environm ent a re  in c re a s in g  p r e c ip i ta te ly  ----  He th re a te n s  to  sweep
from th e  e a r th  whole o rd e rs  o f l i f e  and in  so doing he may
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i n i t i a t e  i r r e v e r s ib l e  changes th a t  w i l l  sweep him o f f  a l s o ."
We hope n o t.
Terminology o f S tandards and Some P re sc r ib e d  Values
The West German a u t h o r i t i e s 278 have developed a  r a th e r  su c c in c t 
and thorough term inology  fo r  th e  c o n tro l  o f a i r  q u a l i ty .  They have 
chosen to  d e fin e  a new term  'im m ision1 as th e  d isch a rg e  of a i r  con­
tam inan ts perm anently  or te m p o ra rily  n ea r ground l e v e l ,  t h i s  be in g  a 
p a r t  of th e  g e n e ra l em issio n  p ic tu r e .  One would th e re fo re  r e f e r  to  
au tom otive exhaust as im m issions and d isch a rg es  from p la n t plumes in  
most cases as em iss io n s . Because of th e  obvious consequence of 
d isch a rg e  in  o r  n ea r th e  b re a th in g  zone, more s t r in g e n t  immision 
c o n tro ls  a re  n e ce ssa ry .
H aber's  law146  s t a t e s  th a t  th e  d e le te r io u s  e f f e c ts  o f a s p e c if ic  sub 
s tan ce  i s  d i r e c t ly  p ro p o r t io n a l  to  th e  t o t a l  d o sag e , i . e . ,  to  th e  p roduct 
o f  tim e of exposure and c o n c e n tra tio n . U n fo rtu n a te ly , th i s  ho ld s  only 
fo r  c e r ta in  chem icals and s h o r t  exposures a t  b e s t .  So d e f in i t io n  of 
a llo w ab le  s ta n d a rd s  in  term s o f measurement p e rio d s  a re  n ecessa ry .
The VDI (V erein  D eutscher In g e n ie u rs )  d e fin e s
a) The MAK v a lu e  as the  maximum a llo w ab le  c o n c e n tra tio n  (8  h r .  
av e rag e , g e n e ra lly  p e r ta in in g  to  i n d u s t r i a l  work s i t e s ) ,  the  
synonymous term  in  t h i s  country  i s  TLV ( th re sh o ld  l im it  value) 
ad m in iste red  by OSHA and i s  r e fe r r e d  to  as the  MAC value  in  
th e  U nited Kingdom and many o th e r  C o u n tr ie s . U nlike th e  MAK- 
v a lu es  TLV and MAC v a lu e s  g e n e ra lly  r e f e r  to  2 k  and no t 8  hour 
exposures and a re  n o t to  be exceeded more th an  once a y e a r .
A lso , th e  term  th re sh o ld  l im it  v a lu e  was o r ig in a l ly  in tro d u ced  
to  in d ic a te  th e  th re sh o ld  o f p e rc e p tio n , e i t h e r  by o d o r, i r r i -
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t a t io n  o r  t a s t e ,  e t c . ,  th e  term  no lo n g er b e a rs  th e  same conno­
t a t i o n  in  g en e ra l u se .
b) The MEK v a lu e  as  th e  maximum a llo w ab le  c o n c e n tra tio n  o f  contam i­
n an t d isch a rg es  a t  th e  so u rc e , o r  more im p o rtan tly  the  t o t a l  
amount. EPA a d m in is te rs  th e  p r e s c r ip t io n  o f such v a lu es  In  th is
co u n try  and i s  g e n e ra lly  s e t  on th e  b a s is  o f  maximum p e rm iss ib le
d isc h a rg e  amount p e r u n i t  amount o f  p roduct {energy , chem icals , 
e t c . ) .  They a r e  r e fe r r e d  to  as source s ta n d a rd s .
c) The MIKj^  v a lu e  as th e  maximum h a l f  hou rly  mean v a lu e  th a t  should 
no t occur more than  once in  a g iven  p e r io d . The MIKjr l im it  
must be supplem ented by i t s  p e rm is s ib le  frequency .
d) The MXKjj v a lu e  as th e  su s ta in e d  e f f e c t  maximum v a lu e , i . e . ,  
h ig h e s t p e rm is s ib le  c o n c e n tra tio n  a t  th e  ground le v e l  in  am bient 
a i r  ( 1 /2  hour average) which may be allow ed to  be reached 
re p e a te d ly  b u t n o t exceeded.
C u rren tly  th e  MAK./TLV/MAC v a lu e  fo r  S02 i s  s p e c if ie d  to  be 15 
mg/m3 in  most c o u n tr ie s  in c lu d in g  th e  U.S. and Germany and 0 .5  mg/m3 
in  th e  U .S .S .R . MIK^ and v a lu es  fo r  S02 in  Germany have te n ta ­
t iv e ly  been h e ld  a t  0 .7 5  mg/m3 (o cc u rr in g  no t more th an  once in  two
h ours) and 0 .5  mg/m3 r e s p e c t iv e ly .  In  t h i s  c o u n try , th e  EPA has s e t  
some s tan d a rd s  analogous to  th e  MIK^ and MIKjj v a lu e s ,  th e se  a re  r e ­
fe r re d  to  as th e  prim ary and secondary s tan d a rd s  fo r  n a t io n a l  am bient 
a i r  q u a l i ty . 235 The prim ary s ta n d a rd  v a lu es  fo r  s u lfu r  ox ides a re  
80 ng/m3 (annual average) and 565  |J.g/m3 ( d a ily  av e ra g e ) . The 
secondary s tan d ard  v a lu es  fo r  th e  same a re  60 |ig/m3 (annual a v e ra g e ) , 
260 ng/m3 ( d a ily  av erag e) and I 3OO pg/m3 ( th re e  h o u rly  av e rag e ).
The r e s t r i c t io n s  on th e  d a i ly  and 3-h o u rly  v a lu es  a re  th a t  they
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should  n o t be exceeded more th an  once every y e a r .
Athough s tan d a rd s  fo r  t o t a l  a irb o rn e  p a r t i c u la te  m a tte r  in  
g e n e ra l has been s e t  by th e  c o n tro l  a u th o r i t ie s  in  v a rio u s  n a t io n s ,  
no s p e c i f ic  s tan d a rd s  fo r  s u l f a te s  has been s e t  y e t .  I t  i s  e v i­
dent from th e  d isc u ss io n s  in  C hapter I I I  th a t  th e re  i s  an e x is te n t  
need to  do so . As f a r  as s u l f u r ic  a c id  a e ro so l i s  concerned , 
the  only  s p e c if ie d  s tan d ard  i s  th e  MAK/TLV/MAC v a lu e  s e t  a t  
0 .3  mg/m3 in  th e  U .S .S .R . and 1 mg/m3 in  most o th e r  c o u n tr ie s ,  
in c lu d in g  th e  U.S.
Some a ttem p ts  have been made to  sp e c ify  th e  a i r  q u a l i ty  by 
g en e ra l in d ic e s ,  in d ic e s  such as MAQI (M itre a i r  q u a l i ty  in d e x ) ,
ORAQI (Oak Ridge A ir  Q u ality  Index) and EVI (Extrem e Value Index) 
have been d efin ed  a r i b l t r a r i l y  on th e  b a s is  o f  in d iv id u a l w eighted 
ro o t mean square sums (o r a s im i la r  fu n c tio n )  o f  in d iv id u a l 
contam inants such as CO, SOx» NO2 , t o t a l  p a r t ic u la te s  and t o t a l  
photochem ical o x id a n ts .  Eor a d e ta i le d  d isc u s s io n  o f  such p a ra ­
m eters th e  in te r e s te d  rea d e r  i s  r e f e r r e d  to  th e  th i r d  annual r e p o r t  
o f th e  C ouncil on Environm ental Q u a li ty . 504
ASSESSMENT OF AN AMBIENT AIR QUALITY STANDARD FOR SULFURIC ACID AEROSOL
The ta sk  o f a s se s s in g  an am bient a i r  q u a l i ty  s tan d a rd  i s  u l t i ­
m ately  w ith  the ep id e m io lo g is t. Epidem iologic s tu d ie s  how ever, have 
two m ajor drawbacks: a) e s ta b l is h in g  a  c a u s e -e f fe c t  r e la t io n s h ip
in  an u n c o n tro lled  m obile p o p u la tio n  i s  a m assive and tim e consuming 
u n d ertak in g  and th e  degree o f c e r t a i t y  a t t r ib u te d  to  any c o r r e la t io n  
depends la rg e ly  on o n e 's  f a i th  in  s t a t i s t i c s  and th e  im p l ic i t  assump­
t io n  th a t  th e re  a re  no c o n tr ib u tin g  param eters th a t  have n o t been
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tak e n  In to  accoun t, b ) ep idem io log ic  s tu d ie s  g e n e ra lly  y ie ld  
th e  needed in fo rm atio n  too  l a t e  f o r  th e  development o f  c o r re c t iv e  
m easures. Amdur has commented th a t  i f  she were to  fa c e  the 
d e c is io n  making problems o f an e p id e m io lo g is t , she would have 
long s in c e  jo in ed  th e  'back  to  th e  k itc h e n  movement' f o r  women.
A d e c is io n  fo r  a s tan d a rd  then  i s  no t expected to  be 
u n eq u iv o ca l, b u t th e r e  i s  th e  need fo r  such a s tan d a rd  to  be 
s p e c if ie d  to  p rev en t th e  m isuse and m isunderstand ing  o f s tan d ard s  
meant fo r  o th e r  p u rp o ses .
One prime example o f such m isunderstand ing  i s  e v id e n t from a 
re c e n t news item  in  Chemical and E ng ineering  N e w s ."  The h e a d lin e  
re a d s : " C a ta ly tic  c o n v e r te rs  a re  no problem" and goes on to
s t a t e  th a t  based on a tw o-year EPA study in  Los A ngeles, s u l f u r ic  
a c id  em issions due to  c a rs  equipped w ith  c a ta ly t i c  c o n v e rte rs  
d id  no t lead  to  f r e e  a c id  a e ro so l le v e ls  th a t  one needs to  be 
concerned ab o u t, s in c e  i t  i s  s u b s ta n t ia l ly  le s s  th an  1 mg/m3 .
A part from th e  f a c t  th a t  i t  i s  very  d o u b tfu l w hether any 
r e l i a b le  and dependable method was a v a i la b le  a t  th e  tim e th i s  study
was s ta r te d ;  1 mg/m3 i s  n o t th e  am bient a i r  q u a l i ty  s tan d a rd  fo r
s u l f u r ic  a c id . This i s  th e  th re sh o ld  l im i t  v a lu e , meant fo r
in d u s t r i a l  a tm ospheres, and even as such i s  regarded  by many
as h ig h e r  than  i t  should  b e . ( i t  i s  to  be noted th a t  th i s  v a lu e  
i s  more than  th re e  tim es h ig h e r  than  th e  co rrespond ing  R ussian 
s ta n d a rd .)  The news item  d id  no t s t a t e  what th e  measured le v e ls  
a c tu a l ly  were nor what th e  p a r t i c l e  s iz e  d i s t r ib u t io n  was. The 
su g g estio n  th a t  s c i e n t i s t s  were a f r a id  th a t  am ibient a i r
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co n c e n tra tio n s  o f s u l f u r ic  ac id  m ight be near th e  TLV due to  
c a ta ly s t  equipped autom obile em issions i s  p re p o s te ro u s ; in  f a c t ,  
th e  maximum l ik e ly  ro a d s id e  c o n c e n tra tio n s  es tim ated  b e fo re  the 
beg inn ing  o f th e  study was I 5O ng/m3 . 450
EPA's own a u th o r i t i e s  e s tim a ted  th a t  acu te  a s th m a tic s  
c o n s t i tu te  some 2  - 5$ o f  th e  t o t a l  p o p u la tio n  and th e re  a re  fo u r 
tim es as many people  w ith  ch ro n ic  r e s p i r a to ry  d is e a s e s .  With 
th i s  in  mind and co n s id e rin g  th a t  in  h e r  work Amdur13 o r ig in a l ly  
suggested  a v a lu e  of O.2 5  mg/m3 as a  t e n ta t iv e  am bient a i r  
s tan d a rd  fo r  s u l f u r ic  a c id ,  th e re  seems to  be l i t t l e  j u s t i f i c a t i o n  
to  be e x c ite d  about th e  f a c t  th a t  am bient a i r  has n o t reached 
th e  th re sh o ld  l im i t  y e t .  F u r th e r ,  s in c e  Amdur's o r ig in a l  s tudy , 
more re c e n t work has led  in v e s t ig a to r s 4 to  suggest t h a t  t h i s  value 
(0 ,2 5  mg/m3 ) does n o t leave  an  adequate  s a fe ty  m argin . As has 
been m entioned in  C hapter I I I  th e  re c e n t study o f A la r ie 5 shows 
d e f in i te  h is to p a th o lo g ic a l  changes in  th e  lungs o f ex p erim en ta l 
anim als even a t  100 p,g/m3 as a  r e s u l t  o f  long term  exposure .
One of th e  c h a r a c te r i s t i c s  o f a c q u is i t io n  of knowledge is  
th a t  our a reas  o f ignorance become b e t t e r  defined  and more ac u te .
I t  i s  known now th a t  th e  hazards posed by a e ro so l s u l f a te s  a re  
very  la rg e ly  s iz e  dependent bu t i t  has s t i l l  not been unequ ivocally  
e s ta b lis h e d  in  what p a r t i c l e  s iz e  f r a c t io n  f re e  s u l f u r ic  ac id  i s  
dom inantly p re s e n t .  I t  i s  more th an  p ro b ab le  th a t  th e  ac id  ae ro so l 
r e s u l t in g  from autom otive em ission  i s  co n cen tra ted  in  a 
much sm a lle r  s iz e  f r a c t io n  th an  s u l f u r ic  ac id  r e s u l t in g  from 
th e  o x id a tio n  o f  s u lfu r  d io x id e  in  th e  am bient atm osphere.
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I t  i s  a lso  q u ite  c e r t a in  th a t  in  th e  f u tu r e ,  a i r  q u a l i ty  
s tan d a rd s  w i l l  be based  n o t o n ly  upon c o n c e n tra tio n  bu t a ls o  the  
p a r t i c l e  s iz e  o f th e  sp e c ie s  concerned.
At th e  p re se n t moment an am bient a i r  q u a l i ty  s tan d ard  
s p e c i f ic a t io n  o f a e ro s o l  s u l f u r ic  ac id  i s  s o re ly  needed and enough 
to x ic o lo g ic a l  d a ta  i s  a v a i la b le  fo r  e s ta b l is h in g  a te n ta t iv e  
v a lu e . W ithout s p e c if ie d  c o n tro l  v a lu e s ,  m a tte rs  have a  n a tu re  
to  go from bad to  w orse. A few y e a rs  ago when a subway 
s t r ik e  caused d r a s t i c a l l y  in c re a se d  autom obile use In  P a r i s ,  
n e a r ly  a  thousand to n s  o f  s u l f u r ic  a c id  was re p o rte d  to  be p re se n t 
in  th e  t o t a l  a i r  mass o f  th e  c i t y .  E l e c t r i c i t y  de France had to  
I n s t a l l  a  m onstrous am bient a i r  f i l t e r i n g  system  ( e s s e n t ia l ly  an 
o v e rs iz e  vaccuum c le a n e r  w ith  a  s e r ie s  o f f i l t e r s ,  p ro cess in g  
about 16000 m3 /d ay ) in  a  p a r t i c u la r ly  congested  lo c a t io n . 357  With 
p ro p e rly  e s ta b lis h e d  and en fo rced  s ta n d a rd s  such d esp e ra te  
m easures can h o p e fu lly  be avoided.
A GLIMPSE INTO THE FUTURE: A CRITICAL OUTLOOK FOR CONTROL
I t  must be r e a l iz e d  f i r s t  o f  a l l  th a t  th e  problem o f  s u lf u r  
ox ide con tam ination  i s  to  be d e a l t  w ith  on a  lo c a l  r a th e r  th an  a 
g lo b a l b a s is .  Even i f  th e  r e le a s e  o f s u lf u r  d io x id e  in to  th e  
atm osphere through human a c t i v i t i e s  were t o t a l l y  s to p p ed , th e  
n a tu r a l  em ission  o f  hydrogen s u lf id e  would co n tin u e  and th e  concen­
t r a t i o n  o f  s u l f a te  a e ro so ls  in  th e  s tr a to s p h e re  w i l l  no t be s ig n i ­
f ic a n t ly  a l t e r e d .  As a m a tte r  o f  re c o rd , th e  le v e ls  o f  s u l f a te  
a e ro so l in  c e r ta in  s t r a to s p h e r ic  la y e rs  a re  fo u r  tim es g r e a te r  
than  background c o n c e n tra tio n s  a t  th e  ground l e v e l .
D ir e c t  e m is s io n  o f  s u l f u r i c  a c id  from  a u to m o tiv e  e x h a u s ts  can  
and sh o u ld  b e  s to p p e d . B e t t e r  c a t a l y s t s  a r e  becom ing a v a i l a b l e  
f o r  t h i s  p u rp o se  and w ith  th e  a d v e n t o f  s e l e c t i v e  o x id a t io n  
m ixed  bed c a t a l y s t s , 3° 2 ,4 5 9  t h e r e  w i l l  b e  no n eed  t o  make a  
t r a d e o f f .  T h is  o f  c o u r s e  d o es  n o t  s o lv e  t h e  m ore g e n e r a l  p ro b le m . 
The p ro b lem  i s  n o t  so  much th e  e m is s io n  o f  s u l f u r  d io x id e  p e r  s e ,  
b u t  i t s  c o n v e r s io n  to  s u l f u r i c  a c id  an d  s u l f a t e s  w hich  a r e  f a r  
m ore h a z a rd o u s  th a n  th e  p a r e n t  c o n ta m in a n t.  U n f o r tu n a te ly ,  i n d u s t r y  
s u p p o r ts  th e  g row th  o f  i n d u s t r y  a ro u n d  i t  and th e  c o n ta m in a tio n  
o f  am b ien t a i r  i s  r a r e l y  due t o  one m a jo r  s p e c i e s .  W herever th e  
s u l f u r  d io x id e  c o n c e n t r a t i o n  i s  h i g h , am ounts o f  c a t a l y t i c  a g e n ts  
and p h o to o x id a n ts  r e l e a s e d  i n t o  th e  a tm o sp h e re  a r e  a l s o  h ig h  and 
th e  c o n v e r s io n  r a t e  t o  s u l f a t e s  i s  h ig h .  I t  i s  p o s s i b l e  t h a t  
j u s t  by m e a su r in g  s u l f u r  d io x id e ,  s u l f u r i c  a c i d ,  and  s u l f a t e  a e r o s o l  
c o n c e n t r a t i o n s ,  a  v e ry  good e s t im a te  c a n  b e  made a s  to  th e  e x t e n t  
o th e r  c o n ta m in a n ts  a r e  p r e s e n t  and  th e  a i r  q u a l i t y  a s s e s s e d .
U nder any c i r c u m s ta n c e s ,  i t  i s  o b v io u s  t h a t  a s  f a r  a s  s u l f u r  co n ­
ta m in a n ts  a r e  c o n c e rn e d , s u l f u r  d io x id e  d a ta  by  i t s e l f  c a n n o t 
be r e g a rd e d  a s  a  v a l i d  m e a su re  o f  a i r  q u a l i t y  w ith o u t  th e  
a t t e n d a n t  m easurem ent o f  i t s  o c i d a t io n  p r o d u c ts .  Cham bers9 2  s a id  
s u c c in c t ly :  " . . .  th e  f u l l  a i r  p o l l u t i o n  p o t e n t i a l  o f  S0a  i s
r e a l i z e d  o n ly  a f t e r  i t  h a s  r e a c te d  w ith  o th e r  s u b s ta n c e s  i n  th e  
a tm o s p h e re ."
When we q u o te  f i g u r e s  o f  s u l f u r  d io x id e  e m is s io n  i n  m i l l i o n s  
o f  M to n s , t h e  m a g n itu d e  i s  o f t e n  in c o m p re h e n s ib le .  When th e  d a ta  
a r e  b ro k e n  down on  e m is s io n /p e r s o n /y e a r  b a s i s ,  th e  am ounts become
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alm ost s ta g g e r in g . Smith and J e f f r e y 461 re p o r ts  th a t  in  th e  
U nited Kingdom about 100 Kg o f  s u lf u r  d io x id e  i s  em itted  p e r 
y ea r p e r  p e rso n . They have a lso  shown th a t  th e  em ission  from any 
g iven  town can be e s tim a ted  q u i te  a c c u ra te ly  on th e  b a s is  o f a 
v a lu e  o f  50 Kg/member o f  th e  p o p u la tio n  m u ltip lie d  by an in d u s t r i a l  
f a c to r .  From n o n - in d u s tr ia l  r e s id e n t i a l  a rea s  to  h e a v ily  indus­
t r i a l i z e d  c i t i e s  t h i s  f a c to r  v a r ie s  from 0 .5  to  2 .0 .  In  t h i s  
c o u n try , th e  em ission  f ig u re s  p er person  a re  even h ig h e r , no doubt 
due to  a more energy e x te n s iv e  economy. In  Table I  on th e  nex t 
page th e  amounts o f s u lf u r  ox ides em itted  p e r  person  p e r  y ea r 
has been c a lc u la te d  from th e  a v a i la b le  census d a ta 497 and th e  
es tim a ted  s u lf u r  oxide e m iss io n s . 91
The p ercen tag e  c o n tr ib u tio n  o f  f u e l  com bustion in  s ta t io n a r y  
sou rces to  th e  t o t a l  s u lf u r  ox ide  em ission  was c a lc u la te d  from 
th e  em ission  d a ta .  The f ig u re s  show th a t  t h i s  has remained th e  
m ajor and v i r t u a l l y  c o n s ta n t c o n tr ib u to r  to  th e  t o t a l  amount 
e m itte d . In  i 960  th e  c e le b ra te d  photochem ist Leighton277  w ro te :
" In  a  sense  our p o l lu t io n  may be lik en ed  to  a  weed. C o n tro ls  may 
c l ip  back th e  weed, b u t w i l l  no t keep i t  from growing a g a in .
To k i l l  th e  weed we must g e t a t  th e  r o o t ,  and th e  ro o t o f  th e  
whole problem o f g e n e ra l p o l lu t io n  i s  com bustion . . .  The p ro p er 
approach to  a l a s t in g  s o lu t io n  o f th e se  problem s, the  on ly  way to  
k i l l  th e  weed, i s  to  a t t a c k ,  no t th e  p roduct o f  com bustion, b u t 
com bustion i t s e l f ,  to  reduce by every p o s s ib le  means th e  burn ing  
o f f u e ls  in  fav o r o f  n o n -p o llu tin g  sou rces o f  h ea t and pow er."
Heat and Power. Our Energy Needs. I t  i s  always easy  to  blame
TABLE I
SULFUR OXIDE EMISSION THROUGH THE YEARS
YEAR
19¥) 1950 i 960  1968 I969 1970
U.S. P o p u la tio n  (m illio n s ) 152 I 52 181 2 0 1 . 203 205
T o ta l S0X em ission (m illio n s  M to n s /y r.) 2 1 .5 2 3 .8 2 3 .3 31.3 32.4 33.9
S0V Em ission p er c a p ita  
( Kg/yr.) I 63 157 129 155 159 165
S0X em ission from s ta tio n a ry  sources 
( Per cen t of t o t a l  ) 78.1 77.3 75.1 79.2 77.0 7 8 .2
SOx em ission  from steam e l e c t r i c  power ^  ^  ^  r  6  ^
p la n ts  ( Per cen t o f t o t a l  )
t h e  in d u s t r y  f o r  p o l l u t i o n ,  b e c a u se  in d u s t r y  r e p r e s e n t s  a  f a c e l e s s  
body t h a t  c a n  e a s i l y  b e  a c c u s e d . A lo o k  a t  T a b le  I  r e v e a l s  t h a t  
d u r in g  th e  c o u r s e  o f  th e  p a s t  t h i r t y  y e a r s  th e  c o n t r i b u t i o n  o f  
s u l f u r  o x id e  e m is s io n s  due to  s te a m  -  e l e c t r i c  pow er p l a n t s  h av e  
b e e n  s t e a d i l y  e s c a l a t i n g .  I t  i s  u s e l e s s  t o  b lam e th e  in d u s t r y  p e r  
s e .  The i n d u s t r i a l  o u tp u t  i s  e v e n tu a l ly  consumed by th e  p u b l i c ,  
w h ich  In  t u r n  i s  r e s p o n s ib le  f o r  i t s  i n d i v id u a l  l i f e s t y l e s .  The 
key  f a c t o r  i s  e n e rg y  c o n su m p tio n . In  t h i s  c o u n t ry ,  in  th e  imme­
d i a t e l y  f o r e s e e a b le  f u t u r e ,  m ore and m ore lo w er g ra d e  c o a l  would 
b e  b u rn ed  to  m eet e n e rg y  n e e d s .  W ith o u t a  m a ss iv e  and e x te n s iv e  
u n d e r ta k in g  to  d e s u l f u r i z e  such  f u e l ,  b o th  s u l f u r  d io x id e  and  i t s  
a t t e n d a n t  c o n ta m in a n t c o n c e n t r a t io n s  w i l l  go u p . An e x c e r p t  from  
th e  n o te d  e c o l o g i s t  Odum368 i s  q u o te d  as  th e  c o n c lu d in g  p a ra g ra p h .
"O nly a  s m a l l  p a r t  o f  th e  t o t a l  c o n t r o l l e d  en e rg y  i s  now 
p ro c e s s e d  by  th e  in d i v id u a l  p e r s o n  o r  by work t h a t  i s  r e c o g n iz a b ly  
p e r s o n a l .  More and  m ore e n e rg y  f lo w s  a r e  i n  th e  m ach ines o f  th e  
sy s te m .
We may w onder w h e th e r  t h e  i n d i v id u a l  human b e in g  u n d e r s ta n d s  
th e  r e a l  so u rc e  o f  th e  b o u n ty  t o  him  o f  th e  new en e rg y  s u p p o r t .
How many p e rs o n s  know t h a t  th e  p r o s p e r i t y  o f  some m odem  c u l t u r e s  
s tem s from  th e  g r e a t  f l u x  o f  o i l  f u e l  e n e r g ie s  p o u r in g  th ro u g h  
m a c h in e ry  and n o t  from  some n e c e s s a r y  and v i r t u o u s  p r o p e r t i e s  o f  
human d e d i c a t i o n  and p o l i t i c a l  d e s ig n s ?  I t  i s  n o t  e a sy  to  f i t  
i n t o  o u r  th in k in g  th e  c o n c e p t t h a t  p a r t  o f  th e  e n e rg y  f o r  grow ing 
p o ta to e s  came from  f o s s i l  f u e l .  I n  th e  new sy s tem  much o f  th e  
h ig h e r  a g r i c u l t u r a l  y i e l d s  a r e  o n ly  f e a s i b l e  b e c a u se  f o s s i l  f u e l s
a re  p u t back In to  th e  farms th rough  th e  use o f  in d u s t r i a l  
equipm ent, i n d u s t r i a l ly  m anufactured chem icals and p la n t v a r i e t i e s  
k e p t in  a d a p ta tio n  by arm ies o f a g r ic u l tu r a l  s p e c i a l i s t s  supported  
on th e  f o s s i l  fu e l-b a se d  economy."
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PART I I  
EXPERIMENTAL
"One m ust le a r n  by d o in g  th e  th in g ;  f o r  th ough  you th in k  you know 
i t ,  you have no c e r t a i n t y  u n t i l  you t r y . "
-  S ophocles
CHAPTER VII 
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PRELIMINARY RESULTS 
EQUIPMENT AND REAGENTS
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The p r im a ry  o b j e c t i v e  o f  t h i s  r e s e a r c h  p ro g ram  was to  d ev e lo p  
a  r e l a t i v e l y  f a s t  and p r e c i s e  m ethod t o  d e te rm in e  a e r o s o l  s u l f u r i c  
a c id  i n  th e  am b ie n t a i r  and  to  d i f f e r e n t i a t e  i t  from  ammonium 
s u l f a t e  i f  p o s s i b l e .  Two p o in t s  w ere  p e r c e iv e d  a t  th e  o u t s e t :
a )  The m ethod m ust h av e  h ig h  s e n s i t i v i t y ,  b e c a u se  l a r g e  sam p lin g  
vo lum es n o t  o n ly  a r e  tim e  consum ing b u t  m ig h t a c t u a l l y  y i e ld  
e r ro n e o u s  r e s u l t s  ( c f .  C h a p te r  V)
b )  Im m o b il iz a tio n  a t  th e  moment o f  c o l l e c t i o n  re m a in s  th e  b e s t  
way t o  p r e v e n t  th e  s u l f u r i c  a c id  from  r e a c t i n g  w i th  any  o th e r  
m a t e r i a l  c o l l e c t e d  s im u l ta n e o u s ly  and PDA-bromide i s  th e  
b e s t  a v a i l a b l e  r e a g e n t  f o r  su ch  im m o b il iz a t io n .
The o r i g i n a l  id e a  was t o  f in d  a  dye t h a t  m ig h t b e  s e l e c t i v e l y  
a d so rb e d  by P D A -s u lfa te  and  n o t  by  PDA-brom ide w ith  w h ich  th e  samp­
l i n g  f i l t e r  was im p re g n a te d . Sam pling  w ould  b e  done b y  u s in g  a  dye +  
PD A -brom ide im p re g n a te d  f i l t e r  and o f t e n  sam p lin g  e x c e s s  r e a g e n t  
and u n a d so rb e d  dye w ould  b e  w ashed o r  e l u t e d  o f f ,  p o s s i b ly  on 
th e  r i n g  o v e n . The a d so rb e d  dye w ould th e n  be  l i b e r a t e d  by  some 
d r a s t i c  t r e a tm e n t  ( e . g .  w ith  c o n c e n t r a te d  h y d r o c h lo r i c  a c id )  and 
th e  dye e l u t e d  t o  th e  r i n g  zone w ould g iv e  a  m easu re  o f  th e  am ount 
o f  P D A -su lfa te  p r e s e n t  and  th e n c e  th e  s u l f a t e .  A num ber o f  d y es  
b e lo n g in g  to  th e  s t r u c t u r a l  c l a s s  o f  m e th y l o ra n g e  w ere  found  to  
f i t  t h e s e  re q u ire m e n ts  b u t  i t  was d is c o v e re d  t h a t  e v e ry  o ne  o f  
th e s e  d y es  a l s o  h a s  a  s t r o n g  a f f i n i t y  f o r  m e ta l  o x id e  p a r t i c u l a t e s  
a s  w e l l  a s  f o r  c a rb o n a c e o u s  m a t e r i a l ,  e . g . ,  s o o t .  T h e r e f o r e ,  t h i s  
c o u r s e  was no lo n g e r  p u rs u e d .
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A s l ig h t ly  m odified  approach involved  th e  in v e s t ig a t io n  o f 
dyes th a t  may have a l t e r e d  chem ical r e a c t i v i t i e s  a f t e r  chem iso rp tion  
(o r  o c c lu s io n  in  th e  c ry s ta l* d u r in g  th e  fo rm ation  o f  th e  PD A -sulfate) 
such th a t  i t  may be d i f f e r e n t ia te d  from th e  f r e e  o r p h y s ic a lly  
adsorbed dye.
Fuchsin  and e o s in  were in v e s t ig a te d . S u l f i t e  b leach in g  o f 
fu ch s in  occurred  ju s t  as e a s i ly  w ith  th e  dye adsorbed onto  
PD A -sulfate as  w ith th e  f r e e  dye, in d ic a t in g  no chem iso rp tion  o ccu r- 
ed . The brom ination  r e a c t io n  o f e o s in  to  produce f lu o re s c e in  was 
u t i l i z e d  in  th e  second c a se , and in  th i s  case  something unexpected 
o ccu rred . With th e  dye in  th e  p resence  o f PD A -su lfate , th e  m a te r ia l  
tu rned  d ark  brown upon th e  a d d itio n  o f bromine w a te r. I t  was soon 
rev ea led  th a t  th i s  in te n s e ly  brown m a te r ia l  was be in g  produced 
from th e  re a c t io n  o f  brom ine-w ater and th e  PD A -sulfate i t s e l f ,  
in  f a c t  a  s im ila r  r e a c t io n  took p lace  w ith  PDA-bromide and bromine 
w a te r , in d ic a t in g  th e  r e a c t io n  to  be c h a r a c te r i s t i c  o f th e  o rgan ic  
c a tio n  and n o t o f any p a r t ic u la r  s a l t .
I t  was thought a t  f i r s t  th a t  th e  r e a c t io n  was e s s e n t ia l ly  an 
o x id a tio n  and s im ila r  re a c tio n s  were a ttem pted  w ith  c h lo r in e  w a te r , 
io d in e  v ap o r, a c id ic  hydrogen perox ide and co n cen tra ted  n i t r i c  
a c id .
A ll o f  th e se  r e a c t io n s  were c a r r ie d  ou t in  t r a c e  q u a n t i t ie s  
on f i l t e r  paper as a medium. C h lo rine  w ater produced a g reen ish  
yellow  c o lo ra t io n .  Io d in e  vapor y ie ld e d  a  brown m a te r ia l  rem in iscen t
*An example o f th is  type  o f b ehav io r i s  th a t  o f o x a lic  ac id  red u c tio n  
Immune perm anganate, when th e  l a t t e r  i s  occluded In  th e  barium 
s u lf a te  c r y s ta l  l a t t i c e , 150
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of th e  p roduct formed w ith  bromine w ater bu t was somewhat le s s  in ­
ten se  in  c o lo r .  No re a c tio n  was observed w ith  a c id ic  hydrogen 
perox ide  ( a lk a l in e  rea g e n ts  r a p id ly  a tta c k e d  P D A -salts , th e  f re e  
amine was l ib e ra te d  and th a t  was ra p id ly  ox id ized  by a i r  to  
g reen ish  b lac k  t a r r y  p ro d u c ts)  and n i t r i c  ac id  produced a  very  
in te n s e  y e llo w ish  green  p ro d u c t.
Except in  th e  case  o f th e  n i t r i c  ac id  r e a c t io n  th e  products 
were very  in so lu b le  and could n o t e a s i ly  be e lu te d  from the spo t 
a t  which they  were formed. The n i t r i c  ac id  p ro d u ct e lu ted  q u ite  
e a s i ly  w ith  a number o f  so lv e n ts  (a ce to n e , m ethanol, e t c . )  and i t  
was n o t known a t  th e  tim e w hether th e  excess f r e e  ac id  p re se n t 
played any r o le  in  such s o l u b i l i t i e s .
I t  was r e a l iz e d  th a t  a lthough  th e  re a c t io n  w ith  n i t r i c  ac id  
was n o t u n iquely  c h a r a c te r i s t i c  o f  th e  s u l f a te  s a l t  o f PDA 
(the  im pregnating  reag en t PDA-bromide o r any o th e r  PDA s a l t  would 
y ie ld  th e  same p ro d u ct ) a t h i s  m ight s t i l l  be u t i l i z e d  as the 
b a s is  o f a  measurement method by v i r tu e  of th e  f a c t  th a t  PD A -sulfate 
has v ery  d i s t i n c t iv e  s o lu b i l i ty  c h a r a c te r i s t i c s .
PD A -sulfate i s  very  in so lu b le  w hile PDA-Br i s  q u ite  so lu b le  
and th e re fo re  th e  l a t t e r  may be removed by washing o r e lu t io n .
Thus, a f t e r  removal o f th e  im pregnating reag en t th e  PD A -sulfate 
on th e  f i l t e r  may be t r e a te d  w ith  n i t r i c  a c id  and , provided the  
re a c t io n  i s  re p ro d u c ib le , measurement o f th e  developed c o lo r  in te n ­
s i t y  e i th e r  through sp ec tro p h o to m etrlc  o r r in g  oven techniques 
would y ie ld  th e  amount o f PDA s t i l l  rem aining and thus th e  amount 
of s u l f a t e .
The r e a c t io n  proved to  be re p ro d u c ib le  b u t removing th e  la rg e  
excess o f  PDA-bromide leav in g  th e  very  sm all amount o f PD A -sulfate 
formed d u rin g  sampling tu rn ed  o u t to  be much more d i f f i c u l t  than  
was o r ig in a l ly  en v is io n ed . V arious washing s o lu tio n s  and washing 
tech n iq u es were in v e s t ig a te d .  The o r ig in a l  work was done w ith  
im pregnated g la s s  f ib e r  f i l t e r s  which were p repared  accord ing  to  
th e  procedure d esc rib ed  by Thomas, e t  a l . 480 A 102 mm d iam eter 
Geltnan Spectrograde-A  f i l t e r  was cu t so th a t  i t  j u s t  f i t t e d  iD slde 
a  100 mm. d iam eter p e t r i  d is h .  A s o lu t io n  o f  180 mg PDA-bromide 
in  10 ml m ethanol was poured over th e  f i l t e r .  A fte r  f iv e  m inutes 
th e  f i l t e r  and th e  d ish  were p laced  in s id e  an oven a t  80°C to  
ev ap o ra te  th e  s o lv e n t. Once th e  so lv en t had evaporated  th e  f i l t e r  
was c u t in to  16 mm d is c s  by means o f a f i l t e r  c u t t e r .  These d is c s  
were p laced  on a support w ith  an  annu lar opening s l ig h t ly  sm alle r  
th an  th e  f i l t e r  so th a t  th e  bottom  o f th e  f i l t e r  was n o t in  c o n ta c t 
w ith  any s o l id  su rfa c e .
The c e n te r  o f  th e  f i l t e r  was then m oistened w ith  two drops o f 
95# e th an o l follow ed by an a l iq u o t  o f  s u l f a te  s o lu t io n .  W ithout 
a lco h o l p rem o is ten in g , aqueous s o lu tio n s  tended to  'b e a d 1 on th e  
f i l t e r  and d id  n o t p e n e tr a te .
The excess reag en t was washed o f f  w ith  a  so lv en t under in v e s ­
t ig a t io n  u s in g  v a rio u s  te c h n iq u e s . The f i l t e r  was th en  p laced  
in  a sm all fu n n e l which in  tu rn  was p laced  in  a 10 m l. vo lu m etric  
f l a s k .  The so lv e n t was allow ed to  ev ap o ra te , th e  f i l t e r  rem oistened 
w ith  ace to n e , and then  washed w ith  4 m l. o f  co n cen tra ted  n i t r i c  
a c id .  The c o lo r  development re a c t io n  was alm ost in s ta n ta n e o u s .
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The volume was made up to  th e  mark w ith  w ater and the  absorbance 
was measured In  a  1 cm c e l l  a t  1*20 nm, which p re lim in a ry  I n v e s t i ­
g a tio n s  showed to  be th e  a b so rp tio n  maximum in  th e  v i s ib l e  reg io n  
under such c o n d itio n s .
V arious w ashing tech n iq u es were a ttem pted  u sin g  25  ml o f  95$ 
e th a n o l as wash s o lv e n t.  A fte r  p la c in g  th e  f i l t e r  on a s in te re d  
g la s s  support washing was done m anually w ith a d isp o sab le  p ip e t ,  
w ith  a  b u r e t ,  a  b u re t f i t t e d  w ith  a  c a p i l l a r y  t i p ,  and a  co n s ta n t 
head b u re t .  The t o t a l  washing tim e in  case  o f th e  b u re ts  was 
m ain ta ined  c o n s ta n t a t  5 m in u tes . A n a ly tic a l r e s u l t s  a t  le v e ls  
o f  s u l f a t e  below 5 |ig were e r r a t i c  In  a l l  cases  and showed poor 
p r e c is io n .  Seemingly the  e r r a t i c  r e s u l t s  were due to  th e  p h y s ic a l 
rem oval o f th e  poo rly  re ta in e d  p r e c ip i ta te  on th e  f i l t e r  r a th e r  
th an  i t s  a c tu a l  d is s o lu t io n .
A d i f f e r e n t  washing techn ique  was found to  g ive  accep tab le  
r e s u l t s  y ie ld in g  s tan d ard  d e v ia tio n s  o f 10$ o r  b e t t e r ,  down to  
th e  1 ng ran g e . This invo lved  h e a tin g  c a . I 50 m l. o f  wash so lv e n t 
to  b o i l in g ,  and pouring  ~  25  m l. o f i t  on f i l t e r s  (g e n e ra lly  a 
b a tc h  o f f iv e  o r  s ix )  k e p t in  a  50 m l. b e a k e r , allow ed to  e q u i l i ­
b r a te  fo r  a m inute and th en  d ecan tin g  o f f .  Then th e  f i l t e r s  were 
t r e a te d  w ith  an o th e r ~  25  m l. o f  h o t s o lv e n t ,  th e  p ro cess  being 
rep e a te d  fo u r tim e s . T his tech n iq u e  was exp lored  thoroughly  and 
th e  f in a l ly  adap ted  v e rs io n  u t i l i z e d  a one-m inute wash fo r  the  
f i r s t  wash and t h i r t y  second in te rv a ls  fo r  th e  four subsequent 
w ashes. This method was su p e r io r  to  th e  o th e r  tech n iq u es  attem pted  
n o t only  in  term s o f  b e t t e r  p re c is io n  (s ta n d a rd  d e v ia tio n  o f 5$ o r
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b e t t e r  a t  s u l f a te  le v e ls  between 5 and 50 MS and between 5 and 10$
between 0 .5  and 5 ng) b u t a lso  in  terras o f a n a ly s is  tim e , s in ce  
a number o f  f i l t e r s  could  be washed a t  th e  same tim e.
L a te r  i t  was r e a l iz e d  th a t  by th e  very sim ple ex p ed ien t o f 
u sing  a f i l t e r  s t r i p  (on ly  a p a r t  o f  which was im pregnated) th e  
excess reag en t could be removed very  e a s i ly  by f r o n ta l  chrom atogra­
phy. This c o n s ti tu te d  th e  b a s is  o f the  f i n a l  a n a ly t ic a l  technique 
and w i l l  be d esc rib ed  in  d e t a i l  in  the fo llo w in g  c h a p te r .
With th e  p o s s ib i l i t y  o f aqueous s u l f a te  d e te rm in a tio n  in  
mind, in te r fe re n c e  by o th e r  an ions was in v e s t ig a te d  u s in g  th e  hot 
e th an o l wash tech n iq u e . Both phosphate and o x a la te  were found to  
in te r f e r e  s u b s ta n t ia l ly  and i t  was thought th a t  a more a c id ic  
wash so lv e n t may be a b le  to  reduce th e  in te r f e r e n c e .
The fo llow ing  wash s o lu tio n s  were in v e s t ig a te d ,  th e  so lv e n t in  
each case  being 95$ e th a n o l: 4N HCl, 2N HCl, 0 .5  N HCl, 0.03N HCl,
O.O3N HCl s a tu ra te d  w ith  NaCl, O.O3N HCl s a tu ra te d  w ith  NH4C1,
O.25N HCl + O .5N Potassium  hydrogen p h th a la te ,  O .25N HCl + O .5N 
sodium c i t r a t e ,  O .25N HCl + O .25N b o rax , s a tu ra te d  NH4C l, 1$ 
t r i c h lo r a c e t i c  a c id ,  10$ m onochloroacetic a c id ,  5$ m onochloroacetic  
a c id ,  1$ m onochloroacetic  ac id  and 0 . 5$ m onochloroacetic  a c id .
Phosphate was chosen to  be th e  re p re s e n ta t iv e  in te r f e r in g  io n . 
The study showed th a t  system s c o n ta in in g  f r e e  h y d ro c h lo ric  ac id  
remove n o t only phosphate b u t a ls o  p a r t  o f  th e  s u lf a te  and was 
g e n e ra lly  u n accep tab le  due to  much poorer s e n s i t i v i t i e s .  The 
p h th a l ic ,  c i t r i c  and b o r ic  a c id  system s d id  n o t work e i t h e r ,  
th e se  ions them selves began to  in t e r f e r e  a t  th e  h igh c o n ce n tra tio n s
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in v o lv ed . Ammonium c h lo r id e  so lu tio n s  showed no p e rc e p tib le  
d if fe re n c e  from alcoho l by i t s e l f ,  and t r ic h lo r o a c e t ic  ac id  proved 
to  be j u s t  as unaccep tab le  as h y d ro ch lo ric  a c id . A one per cen t 
s o lu tio n  of m onochloroacetic ac id  was chosen as th e  b e s t compromise 
to  be used only fo r  extreme cases where la rg e  amounts o f i n t e r ­
fe r in g  ions might be p re se n t.  With th e  washing technique used a t  
th a t  tim e , th is  so lu tio n  d id  wash o f f  a sm all bu t p e rce iv ab le  
amount o f  s u l f a te .  The c a l ib r a t io n  curve was c lo se  to  th a t  ob ta ined  
w ith  th e  9556 e th an o l wash bu t was no t id e n t ic a l .
P o ss ib ly  th e  most d i f f i c u l t  ta sk  encountered during the  e n t i r e  
course o f t h i s  work was to  e s ta b l is h  the  id e n t i ty  o f th e  product 
formed. One erroneous assum ption led  to  ano ther and a  number 
o f new compounds were is o la te d  and c h a ra c te r iz e d  and they served 
to  show where th e  m istakes in  o r ig in a l  assum ptions la y . The 
compound o f in t e r e s t  was th e  very  l a s t  one to  be c h a ra c te r iz e d , 
p rov ing , p erh ap s, th e  i n f a l l i b i l i t y  o f Murphy's law s. The e f f o r t ,  
however, was no t spent in  v a in , s in ce  th e  chem istry of th e  compounds 
is o la te d  tu rned  out to  be very  in te r e s t in g  and th e re fo re  rew arding.
I n i t i a l  s tu d ie s  showed th a t  th e  re a c t io n  product of PD A -sulfate 
w ith  concen tra ted  n i t r i c  ac id  under the  c o n d itio n s  used in  th e  
de term in a tiv e  procedure (to b e  described  in  th e  next c h a p te r)  behaved 
as an in d ic a to r .  The ab so rp tio n  maximum o f th is  compound i s  s tro n g ly  
a c id ic  so lu tio n s  was cen te red  around 420 nm and th a t  in  s tro n g ly  
b as ic  so lu tio n s  was cen te red  around 55O nm. S tru c tu ra l  s tu d ie s  
( to  be d esc rib ed  in  Chapter XI) proved th is  compound to  be
2-am ino-l*,6,9“ trin itropeE im idIne* ' and th e  absorbance v s . co n cen tra ­
t io n  behavior o f th e  compound was s tu d ie d  in  3N n i t r i c  ac id  and 
IN sodium hydroxide a t  1*20 nm and 55O nm re s p e c t iv e ly .  The 
p lo t  i s  shown on F ig u re  3 and i t  i s  ap p aren t th a t  th e  compound 
conforms to  B ee r 's  Law w ith in  th e  range s tu d ied  (up to  ~  10 
c o n c e n tra t io n ) .
EQUIPMENT, REAGENTS AND GENERAL AUXILLIARY PROCEDURES 
REAGENTS: A ll chem icals used in  th i s  study  were o f  a n a ly t ic a l
reag en t g rad e , u n le ss  o therw ise  s ta te d .
P erim id in y l ammonium bromide (PDA-bromide): S tephen469 in troduced
th e  PDA c a tio n  as a  s u l f a te  p r e c ip i ta n t  and sy n th esized  
th e  c h lo r id e  s a l t  acco rd ing  to  th e  method of S ach s .430 The 
method was cumbersome and McClure305 developed a much sim pler 
s y n th e t ic  ro u te  to  p rep a re  th e  bromide s a l t .  The p roduct s t i l l  
needed many r e c r y s t a l l i z a t i o n s  b e fo re  i t  could be used . During 
th e  course  o f t h i s  work s u b s ta n t ia l  m o d ifica tio n  o f  M cClure's 
o r ig in a l  method was made lead in g  to  a p u re r p roduct in  h ig h er y ie ld .  
A copy o f th e  paper by D asgupta, e t  a l .  i s  g iven  in  Appendix I .
A 1$ w/v s o lu tio n  o f th e  re a g e n t in  m ethanol was used by d is so lv in g  
100 mg. o f anhydrous PDA-bromide in  10 m l. o f m ethanol. S lig h t 
warming i s  n ecessa ry  to  e f f e c t  d is s o lu t io n .  Both th e  s o lid  and 
th e  s o lu tio n  were s to re d  in  dark  b o t t l e s  because th e  reag en t 
a p p a ren tly  undergoes photodecom position . By i t s e l f ,  th e  s o lu t io n  
begins to  d e te o r ia te  a f t e r  a  month. A dd ition  o f  10 mg o f
*This compound i s  r e fe r r e d  to  as amino n itro p e r im id in e  in  the  fo llow ­
ing two c h a p te r s ,  in  an e f f o r t  to  save space.
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t - b u ty l  hydroxy to lu en e  (BHT) p er 100 ml o f s o lu tio n  improves 
s h e lf  l i f e  to  s ix  m onths, and was no t found to  a f f e c t  any 
r e s u l t s .  However, s in c e  very  l i t t l e  reag en t i s  used a t  a  tim e 
in  th e se  m ic ro a n a ly tic a l  te c h n iq u e s , making a la rg e r  s to ck  
w ith  a lo n g er s h e lf  l i f e  i s  m erely a m a tte r  o f  ch o ice .
S u lfa te  s tan d a rd  s o lu t io n s :  1.81^ g po tassium  s u lf a te  was
d is so lv e d  in  100 ml o f  s o lu t io n  to  make a 10 ,000  ppm (10  n g /^ l)  
s u l f a te  s to ck  s o lu t io n . This s o lu tio n  was s e q u e n tia lly  d ilu te d  
w ith  d i s t i l l e d  d e io n ized  w ater to  p rep a re  more d i lu te  s tandard  
s u l f a t e  s o lu tio n s  and s to re d  in  p o ly e th y len e  b o t t l e s .
A 100 ppm s u l f u r ic  a c id  s o lu tio n  and a 200 ppm ammonium 
s u l f a t e  s o lu t io n  was used fo r  th e  g e n e ra tio n  o f th e  ac id  ae ro so l 
and th e  ammonium s u lf a te  a e ro so l r e s p e c t iv e ly ;  th e  c o n c e n tra tio n  
o f n e i th e r  was c r i t i c a l .
Anion s o lu t io n s :  10,000 ppm stock  s o lu tio n s  were p repared  fo r
each an ion  te s te d  in  th e  in te r f e re n c e  study o f  aqueous determ ina­
t io n s .  Sodium o r po tassium  s a l t s  o f th e  fo llow ing  anions were 
used : c h lo r id e ,  f lu o r id e ,  b ic a rb o n a te , n i t r a t e ,  hydrogen
p h o sp h a te , a c e ta te ,  form ate and o x a la te . The s o lu tio n s  were 
s to re d  in  p o ly e th y len e  b o t t l e s  and d i lu te d  as needed.
Sodium hydroxide (hN): l60g o f sodium hydroxide was d isso lv ed
in  a  l i t e r  o f  s o lu t io n .  C on cen tra tio n  was no t c r i t i c a l .  
M onochloroacetic a c id : A 1$ s o lu t io n  in  m ethanol was made by
d is s o lv in g  10.00 g o f th e  ac id  in  1 l i t e r  o f s o lu t io n . This 
re a g e n t w i l l  be r e fe r r e d  to  as MCAA in  th e  r e s t  o f  th e  te x t .
Barium a c e ta te  s o lu t io n :  A s a tu ra te d  s o lu t io n  o f barium  a c e ta te
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In  2 5$  m ethanol and 75$ acetone (by volume) was used .
O ther reag en ts  used w i l l  be m entioned c o n c u rre n tly  w ith 
th e  d e s c r ip t io n .
EQUIPMENT AND GENERAL PROCEDURES:
S pectrom etry : A Beckman DB u v -v is ib le  spectrophotom eter was used
a long  w ith  a 1 cm g la s s  c e l l  f o r  d i r e c t  absorbance readout o f 
a l l  q u a n t i ta t iv e  m easurem ents.
A Beckman DB-G u v -v ls ib le  sp ec tro m eter in  co n ju n c tio n  w ith  
e i t h e r  a  Beckman re c o rd e r  or a  S arg en t SR-G re c o rd e r  was used fo r  
s p e c t r a l  s tu d ie s .  In  l a t e r  s ta g e s  o f  the  work when pH dependent 
a b s o rp tio n  s p e c tra l  s tu d ie s  were u n d ertak en , d a ta  red u c tio n  
from re c o rd e r  p lo ts  proved to  be a  gargantuan ta s k  and the 
Beckman DB was in te r f a c e d  w ith  a D ata G eneral NOVA 1200 computer 
system  equipped w ith  a te le ty p e  and paper ta p e  puncher. The 
Beckman DB could no t be in te r f a c e d  d i r e c t ly  to  th e  com puter, 
an in te r f a c in g  d ev ice  was s p e c i f ic a l ly  designed f o r  th i s  pu rpose . 
The schem atic and fu n c tio n a l d e t a i l s  of t h i s  in te r f a c in g  d ev ice  
i s  g iv en  In  Appendix I I .  The d a ta  on paper ta p e  was t r a n s f e r r e d  
to  a  D isk e tte  and p rocessed  subsequen tly  a t  th e  LSU/SNCC 
IBM 560 computer system  f a c i l i t i e s .  I n i t i a l  p lo ts  were made using  
th e  V arian  E le c t r o s ta t i c  p l o t t e r  and f in a l  v e rs io n s  were p lo t te d  
in  th e  V ersatek  pen and ink  p l o t t e r  lo ca ted  In  th e  C oasta l 
S tu d ie s  I n s t i t u t e .
A P erk in  Elmer I 37  sodium c h lo r id e  spectropho tom eter was 
used fo r  quick In fra re d  scans and h igh  r e s o lu t io n  scans were 
made w ith  th e  P e rk in  Elmer 621 g ra tin g  spec tropho tom eter. A ll
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s p e c t r a  were run  in  KBr p e l l e t  form , using  sp ec tro g rad e  KBr, 
C rescen t 'w ig-L-Bug' d e n ta l f i l l i n g  m ixer, a P e rk in  Elmer p e l l e t  
dye and a Wabash-Hein-Warner h y d rau lic  la b o ra to ry  p re s s .
P re lim in ary  n u c lea r m agnetic resonance s p e c tra  was tak en  
w ith  the  V arian  A60A NMR sp ec tro m e te r, and 100 MHz NMR s p e c tra  
w ere run  by Mr, John M artin  on th e  V arian HA-100 sp ec tro m ete r.
The very sm all a v a i l a b i l i t y  o f c e r ta in  sam ples n e c e s s ita te d  
th e  use o f F o u r ie r  Transform  spectrom etry  and FT-EMR s p e c tra  
a s  w ell as l3 CMR sp e c tra  were k in d ly  p rov ided  by Dr. H. F rances 
W alker-M errick o f  Dow Chemical C o ., run on th e  JE0L-FX-60 
sp ectro m eter a t  t h e i r  F re e p o r t ,  Texas f a c i l i t i e s .
The mass s p e c t r a l  a n a ly s is  o f  compounds o f  in te r e s t  could  
n o t  be done a t  th e  f a c i l i t i e s  a v a ila b le  a t  LSU because o f  lack  
o f  both  r e s o lu t io n  and accu racy . Mass s p e c tr a  were p rov ided  
by the  c o u rte sy  o f Dr. P . K. Das of the  U n iv e rs ity  of H ouston, run 
on th e i r  H ew lett-Packard  53^0A GC-MS System. In  a d d it io n , 
some p re lim in a ry  mass s p e c t r a l  scans were k in d ly  provided by 
D r. D. K. W olcott o f  Dow Chemical Company, Plaquem ine, L o u is ian a . 
O ther A nalyses: P o la ro g rap h lc  s tu d ie s  a t  th e  dropping m ercury
e le c tro d e  (DME) were conducted w ith  a S argen t model XV re co rd in g  
po larograph  in  co n ju n c tio n  w ith  a Sargent model-A IR 
com pensator. Thermal s tu d ie s  were c a r r ie d  o u t w ith a Dupont 
900 therm al an a ly z in g  system  in  co n ju n c tio n  w ith  the  Dupont 950 
therm ograv im etric  a n a ly z e r .
P r e l im in a r y  e le m e n ta l  a n a ly s e s  w ere c a r r i e d  o u t b y  M r. R. L. 
S e a b , su p p lem en ted  l a t e r  w ith  a n a ly s e s  made by  G a lb r a i th
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L ab o ra to rie s  o f K noxv ille , Tennessee; who a lso  provided 
m olecular weight d a ta  based on osmometric measurements.
M icrophotographs were taken  on a L e itz  O rtholux IX re sea rch  
microscope equipped w ith  a Leica-Orthom at photographic system 
lo ca ted  in  th e  P la n t Pathology Departm ent.
S u lfu r ic  ac id  ae ro so l was generated  by u sin g  the  g en e ra to r 
described  by Thomas, Dharmarajan and West. 486 E s s e n tia l ly  the  
apparatus c o n s is ts  o f an atom izer bu rner mounted a t  the bottom  
o f a Pyrex tu b e , I 5O cm in  h e ig h t and 9 .5  cm in  d iam eter. The 
burner i s  operated  w ith  acety lene-oxygen m ixture and a d i lu te  
s u lf u r ic  a c id  s o lu tio n  was c o n cu rren tly  a sp ira te d  in to  th e  flam e. 
S u lfu r  t r io x id e  was generated  which reac ted  w ith th e  w ater 
vapor p re sen t to  form s u lf u r ic  ac id  a e ro so l w ith p a r t ic le s  between
0 .1  - 5 p. in  MMD. The sampling probe i s  in se r te d  through th e  
top c e n te r  o f  the  s ta c k  to  a depth o f  about 120 cm from the burner 
t i p .  The sampling was accom plished by drawing a i r  through th e  
sampling probe by a s l ig h t ly  m odified Gelman 23000-1 f i l t e r  
tape  sam pler. The g en e ra to r was opera ted  a t  le a s t  f iv e  m inutes 
b efo re  sam pling, such th a t  eq u ilib riu m  was a tta in e d  in  the  s ta c k .
A M acrosonics 125 VF u ltra s o n ic  g en e ra to r was used to  
g en era te  ammonium s u lf a te  a e ro so l. Sampling was accom plished 
by th e  same Gelman tape sam pler mentioned above.
To produce hum idity c o n tro lle d  a e ro so l stream s, the d i r e c t ly  
generated  a e ro so l samples were d ilu te d  with dry n itro g e n  from 
a compressed gas ta n k . Humidity was measured w ith  a L ab -lin e  
2200 e lec tro h y g ro m eter. Flows were c o n tro lle d  w ith  needle valves
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in  co n ju n c tio n  w ith  a p p ro p ria te  range flo w m ete rs , su p p lied  by 
F ish e r  and L a b -c re s t .  The flow m eters were a c c u ra te  to  + 2$ of 
f u l l  s c a le .
R esu lts  o b ta in ed  by th e  method developed in  t h i s  study was 
c ro ss  checked by com parison w ith  d a ta  ob ta in ed  on id e n t ic a l  
samples by th e  method developed by Thomas, e t  a l . 48S E s s e n t ia l ly ,  
th e  com parison method was based on: a ) fo rm ation  o f PD A -sulfate
on a PDA-bromide im pregnated f i l t e r  by topochem ical re a c t io n  w ith  
th e  a c id  a e ro s o l ,  b) subsequent p y ro ly s is  o f th e  f i l t e r  lead in g  
to  th e  decom position o f PD A -sulfate y ie ld in g  s u l f u r  d io x id e , 
c ) measurement o f th e  evolved s u lf u r  d io x id e  by e i th e r  the  
West-Gaeke method166  o r  a  flam e-pho tom etric  s u lf u r  m on ito r.
The p y ro ly s is  fu rn ace  and th e  combustion t r a in  has been d esc rib ed  
by M addalone, e t  a l . 313  For t h i s  s tu d y , a Bendix 83OO flame 
pho tom etric  t o t a l  s u lf u r  m onitor was used in  co n ju n c tio n  w ith  a 
m in lservo  re c o rd e r  to  measure th e  s u lf u r  d io x id e . Although 
th i s  method was n o t as p re c is e  as th e  West-Gaeke m ethod, i t  was 
s u b s ta n t ia l ly  f a s t e r .
MISCELLANEOUS:
V arious sundry la b o ra to ry  equipment such as h o t p l a t e s , 
m agnetic s t i r r e r s ,  u l t r a s o n ic  b a th s ,  (F isch e r  model CT w ith  
c le a n e r  model SS-O) e t c .  were u t i l i z e d  du ring  th e  cou rse  o f t h i s  
s tu d y . The Thomas Trace Oven was used fo r  r in g  oven s tu d ie s .
A ll  g lassw are  was cleaned  by o v ern ig h t immersion in  chromic a c id ,  
fo llow ed by washing f i r s t  w ith  w a te r , then  w ith  soap s o lu t io n  
and f i n a l l y  washed re p ea te d ly  w ith  d i s t i l l e d  de io n ized  w ate r.
V olum etric glassw are used conformed to  NBS grade A s ta n d a rd s . 
M ic r o l i te r  p ip e ts  used  fo r  aqueous s u lf a te  d e te rm in a tio n s  
ranged from 1 - 100 X ( m ic ro l i te r s )  in  volume (E . H. Sargent 
and C o ., Accuracy + 1 $ ) . Autom atic p ip e ts  (A. H. Thomas and C o.) 
of 1 m l, c ap a c ity  were used fo r  q u ick  ad d itio n  o f  sodium 
hydroxide so lu tio n s  and acetone involved  in  th e  d e te rm in a tio n  
p ro ced u re , th e  ex ac t amount o f th e s e  reagen ts  n o t be ing  c r i t i c a l .
CHAPTER V III 
THE DETERMINATION OF AQUEOUS SULFATE
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I .  CALIBRATION WITH AQUEOUS SULFATE:
102 mm diam eter u l tra p u re  G lass F ib e r  f i l t e r s  (Gelman 
S pectrograde A) were cu t in to  18 x 72 ram s t r i p s .  These f i l t e r s  
were alwyas handled w ith  T e flo n  tip p ed  s ta in le s s  s te e l  fo rc e p s .
A f i l t e r  s t r i p  was la id  down on a T eflon  r in g  w ith  a ~  15 mm
diam eter an n u la r opening and so p laced  th a t  th e  bottom  of th e  s t r i p
was about 20 mm from th e  c e n te r  o f th e  a p e r tu re .  A guide mark,
was in sc r ib e d  on th e  T eflon  r in g  to  f a c i l l i t a t e  p o s it io n in g .
The s t r i p  was th en  covered w ith  a n o th e r id e n t ic a l  r in g ,  to  keep 
i t  in  p la c e . One drop o f 1$ m ethano lic  PDA-bromide was nex t added 
from a d isp o sab le  p ip e t  to  th e  s t r i p  a t  th e  c e n te r  o f  th e  
a p e r tu re  follow ed by an a l iq u o t  o f  s tan d a rd  s u l f a te  s o lu t io n  from 
a m ic r o l i te r  p ip e t .  In  p r a c t i s e  th e  m ic r o l i te r  p ip e t  was 
f i l l e d  up to  th e  mark and made ready f i r s t  so th a t  th e  t r a n s f e r  
can be made as  q u ick ly  as p o s s ib le  and th e  lo ss  o f  m ethanol by 
ev ap o ra tio n  th u s  m inim ized. The m ic ro l i te r  p ip e t  t i p  was 
touched l i g h t ly  a g a in s t th e  f i l t e r  s u rfa c e  and h e ld  a t  an ang le  
approxim ately  I 50 from v e r t i c a l  to  f a c i l i t a t e  ra p id  t r a n s f e r .
When th e  t r a n s f e r  was com plete , a n o th e r drop of PDA-bromide was 
added to  th e  same sp o t and th e  s t r i p  removed and d rie d  fo r  
th re e  m inutes in  a  stream  o f f i l t e r e d  co ld  a i r  from a sm all 
p o r ta b le  h a i r  d ry e r .
M ethanol was poured in  a  25O ml t a l l  form G r if f in  beaker 
to  a depth  no t exceeding 5 mm. The f i l t e r  s t r i p s  were lowered 
in to  th e  so lv e n t one a t  a tim e. Five s t r i p s  could be t r e a te d  
s im u ltan eo u sly  a t  one tim e and so a l l  d e te rm in a tio n s  were c a r r ie d
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o u t  in  s e ts  o f  f iv e .  The s t r i p s  were allow ed to  remain in  th e  
b eak er fo r  a  p e r io d  o f a t  l e a s t  te n  m inutes and not exceeding  
f i f t e e n ,  d u rin g  which tim e m ethanol moved up and c a r r ie d  th e  
un reac ted  PDA-bromide w ith  i t .  The s t r i p s  were p laced  one a t  a 
tim e on the  T e flo n  r in g s  p o s itio n e d  as b e fo re  and the a re a  
surrounding  th e  in je c t io n  sp o t was c u t away w ith  a 25 mm diam eter 
s ta in le s s  s t e e l  f i l t e r  c u t t e r .  The s t r i p  w idth  was sm a lle r  than  
th e  d iam eter o f  th e  f i l t e r  c u t t e r  and th e r e fo re  the  c u t p ie ce  
had the  appearance of a  square  w ith two c re sc e n t edges. The p ieces  
w ere p laced in s id e  32 mm d iam eter g la ss  fu n n e ls  which in  tu rn  
were r e s t in g  on 10 ml. v o lu m etric  f la s k s  h e ld  in  a s ta n d .
C a lib ra tio n  curves were c o n s tru c ted  fo r  both  measurement 
i n  a c id ic  s o lu t io n  and b a s ic  so lu tio n s  and th e  trea tm en t was 
d i f f e r e n t  in  each case ,
a )  Procedure f o r  measurement a t  1*20 nm in  a c id ic  s o lu t io n s
Methanol was allow ed to  evaporate  from th e  f i l t e r  u n t i l  the  
f i l t e r  was m o ist bu t no lo n g er thoroughly  w et. S ix drops o f  con­
c e n tra te d  n i t r i c  ac id  was added from a d isp o sa b le  p ip e t  to  the  
f i l t e r ,  d i s t r ib u t in g  as even ly  as p o s s ib le .  The m a te r ia l  on the  
f i l t e r  was th e n  allow ed to  r e a c t  fo r  a  m inute and then  washed 
down w ith 2  ml co n cen tra ted  n i t r i c  ac id  from an autom atic p ip e t ,
1 ml a t  a tim e and s low ly , p a t t in g ,  and p re ss in g  the f i l t e r  a g a in s t 
th e  funnel s u r fa c e  w ith  th e  p ip e t  t i p  to  f a c i l l i t a t e  th e  removal 
o f  a l l  of th e  co lo red  m a te r ia l  formed. The so lu tio n  was then  
made up to  th e  mark w ith  w a te r , mixed thorough ly  and poured 
in to  1 cm g la s s  c u v e tte s  through a fu n n e l which had i t s  stem
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l i g h t l y  packed w ith  good q u a li ty  g la s s  wool to  remove th e  p ieces  
o f g la s s  f ib e r  th a t  unavoidably  came from th e  g la s s  f ib e r  f i l t e r .  
Absorbance a t  k20  nm was then  measured and reco rd ed ,
b) Procedure fo r  measurement a t  550 nm in  b a s ic  so lu tio n s
As b efo re  the f i l t e r  was allow ed to  r e a c t  w ith  s ix  drops of 
co n cen tra ted  n i t r i c  a c id  fo r  a  m inute and th en  th e  co lored  
p ro d u c t formed was washed down w ith  1 ml o f  ace to n e  from an 
au to m atic  p ip e t ,  p a t t in g  and p re s s in g  the  f i l t e r  a g a in s t th e  fu n n e l 
su rfa c e  to  f a c i l l i t a t e  removal o f th e  co lo red  p ro d u c t. Two 
m i l l i l i t e r s  o f ljN sodium hydroxide were added n e x t ,  again  u s in g  
an au tom atic  p ip e t  and th e  s o lu t io n  made up to  th e  mark w ith  w a te r . 
The s o lu t io n  was thorough ly  mixed and f i l t e r e d  in to  th e  m easuring 
c u v e tte  as b e fo re , and absorbance was then  measured a t  55O nm.
I I .  RESULTS:
S u lfa te  ion  was l ib e ra te d  and 2-am ino, U ,6 ,9 - tr ln l tro p e r im ld in e  
was formed when n i t r i c  ac id  re a c te d  w ith  PD A -sulfate on th e  f i l t e r  
under th e  c o n d itio n s  d escrib ed  (F ig u re  4 ). C a lib ra t io n  curves 
in  a c id ic  and b a s ic  s o lu tio n s  a re  g iven in  F ig u res  5 and 6 
r e s p e c t iv e ly .  The d a ta  a re  p lo t te d  in  term s o f  th e  p a r ts  p e r  m il­
l io n  s u l f a te  ion  c o n c e n tra tio n  in  th e  m easuring volume. The t o t a l  
volume in  t h i s  case  was 10 ml and th e re fo re  w ith o u t th e  m u l t ip l i ­
c a t io n  f a c to r  o f 10' 1 , th e  p lo t  can be read d i r e c t ly  in  terms 
o f  micrograms o f s u l f a t e  p u t on th e  f i l t e r .  I t  was apparent 
from th e  p lo ts  th a t  th e  c a l ib r a t io n  curve was l in e a r  w ith in  th e  
range s tu d ie d  (up to  5O |iS s u l f a te ;  a lthough  th e  p lo t  shown 
f o r  b a s ic  s o lu tio n s  does no t go up th i s  h ig h , i t  was l in e a r  up to
FIGURE 4
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th e  s a id  am ount). As m entioned b e fo re , a l l  d a ta  were taken  in  
s e ts  o f  f iv e  and some re p re s e n ta t iv e  s tan d ard  d e v ia tio n s  a t  
v a r io u s  le v e ls  a re  g iven in  T able I I .  The d e te c tio n  l im i t  i s  
norm ally  d efin ed  to  be tw ice th e  s tan d ard  d e v ia tio n  o f th e  b la n k , 
b u t in  t h i s  case  th e  b lank  i t s e l f  was un iform ly  and rep ro d u c ib ly  
z e ro . (Procedure c a r r ie d  ou t w ith  th e  a d d it io n  o f d i s t i l l e d  
w a te r in  l ie u  o f s u l f a te  s o lu t io n s ) .  Nominally 0 .1  p,g was th e  
minimum d e te c t ib le  amount under such c o n d itio n s , a lthough  th e  
s ta n d a rd  d e v ia tio n  a t  t h i s  le v e l  became as  h igh  as th e  v a lu e  
i t s e l f  and was b a s ic a l ly  a  fu n c tio n  o f in stru m en t s t a b i l i t y  r a th e r  
th an  th e  p re c is io n  of th e  method i t s e l f .
I I I .  REMARKS:
1 . For an aqueous s o lu tio n  to  be t r a n s f e r r e d  e f f e c t iv e ly  to  a 
g la s s  f ib e r  f i l t e r ,  th e  r a lc r o l i t e r  p ip e t  t i p  must touch th e  spo t 
wet w ith  a  w a te r-m isc ib le  so lv e n t w ith  a low su rface  te n s io n  
such th a t  i t  wets th e  f i l t e r .  The so lv e n t chosen fo r  t h i s  purpose 
was m ethanol. G lass f ib e r  i t s e l f  i s  very  w ater r e p e l le n t ,  aqueous 
s o lu t io n s  tend  to  'bead* on i t .  I f  th e  o r ig in a l  spo t o f m ethano lic  
PDA-bromide pu t on th e  f i l t e r  became dry by th e  tim e t r a n s f e r
o f th e  aqueous s o lu t io n  was a ttem p ted , th e  sp o t was rem oistened  
w ith  a n o th e r  drop of m ethanol. However, t h i s  was done only  
i f  n ecessary  because i t  was advantageous to  keep th e  d iam eter o f 
th e  in je c t io n  spo t as sm all as p o s s ib le .
2 . A c tu a lly  two se p a ra te  s e ts  o f c a l ib r a t io n  curves were c o n s tru c t­
ed to  study th e  e f f e c t  o f  volume of th e  in je c te d  s o lu t io n . One
s e t  o f c a l ib r a t io n  curves was c o n s tru c te d  by vary in g  th e  amount
TABLE II
PRECISION OF THE AQUEOUS SULFATE DETERMINATION PERIOD
AMOUNT OF
SULFATE
ON FILTER, ag
MEASUREMENT IN
ACID EASE
MEAN
ABSORBANCE RANGE
$  STANDARD 
DEVIATION
MEAN
ABSORBANCE RANGE
% STANDARD 
DEVIATION
O.56 0.011 0.010 14.8 0 .015 0 .011 11 .8
1.39 0.029 0.013 8.3 O.O38 0.018 8 .4
3.46 0.0?0 0.019 4.6 0 . 09? 0 .02? 4.4
8 . 6? 0.182 0.048 4.3 0.243 0.044 2 .8
10.0 0.211 0.030 2 .4 0.280 0 .052 3.1
2 1 .? 0.^57 0.104 3-9 0.610 0.141 4.0
54.2 1.14 o.aio 4.1 1.53 0 .350 4.1
-q■t-
(1  - 100 (j,l) o f a s tan d a rd  s u l f a te  s o lu t io n  p laced  on th e  f i l t e r  
and in  th e  o th e r  s e t  100 u l  o f  s u lf a te  s o lu tio n s  o f  vary ing  
c o n c e n tra tio n  was used . There was no d is c e rn ib le  d if fe re n c e  in  
th e  d a ta  o b ta in ed  and th e re fo re  only one c a l ib r a t io n  p lo t  i s  
p re se n te d .
5 . I n je c t io n s  of s o lu t io n s  up to  25 p-1 in  amount was ra p id  and 
co n v en ien t. Amounts exceeding  25 ^1 were slow  in  t r a n s f e r  bu t 
the p ro c e ss  could be f a c i l l l t a t e d  somewhat by adding an o th e r 
drop o f PDA-bromide a t  some halfway p o in t during  th e  t r a n s f e r .
U. R e p ro d u c ib ili ty  was im proved, e s p e c ia l ly  w ith th e  lower 
amounts, by allow ing th e  sp o t to  dry as com pletely  as p o s s ib le  
befo re  chrom atographing, t h i s  a p p a re n tly  allow ed th e  PD A -sulfate 
to  form and n u c lea te  co m p le te ly .
5. E thano l could no t be used as an e lu t in g  so lv en t because i t  
re ac ted  subsequen tly  w ith  n i t r i c  a c id . I n i t i a l  experim ents w ith 
e th an o l showed th a t  gas pockets  were formed in  the  f i l t e r  when 
n i t r i c  a c id  was added to  a f i l t e r  m oist w ith  e th a n o l. At tim es, 
th ese  p o ck e ts  popped open w ith  minor ex p lo sio n s  l ib e r a t in g  
n itro g e n  d io x id e , i f  g ro ss  amounts o f e th a n o l were p re s e n t .  
A p p aren tly , e th y l n i t r a t e  was formed d u rin g  th e  p ro c e ss . Methanol 
did n o t undergo a s im ila r  r e a c tio n  w ith  n i t r i c  a c id ,  even a f t e r  
s to rag e  f o r  months. Experim ents done in  c o l la b o ra t io n  w ith  
Dr. W. T . B urnett showed th a t  th e  o x id a tio n  o f m ethanol to  
formic a c id  and form aldehyde under such c o n d itio n s  was no t very 
s ig n i f i c a n t .  A gas chrom atographic a n a ly s is  was done o f  th e  
ch loroform  e x tra c t  o f  a 1 :1  m e th a n o l-n itr ic  a c id  m ix tu re  a f t e r
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k e e p in g  th e  l a t e r  f o r  a  m onth a t  l a b o r a to r y  te m p e ra tu r e .
6 . L ik e  w a te r ,  n i t r i c  a c id  w ould  n o t  p e n e t r a t e  i n t o  a  d ry  
g l a s s  f i b e r  f i l t e r .  The f i l t e r  had  t o  be m o is t w ith  m e th a n o l f o r  
th e  a c id  to  b e  q u ic k ly  d i s t r i b u t e d  i n t o  th e  f i l t e r .  I f  th e  
f i l t e r  becam e d ry  b e f o r e  th e  a c id  t r e a tm e n t  i t  c o u ld  be  re m o ls te n e d  
w ith  m e th a n o l /a c e to n e .  Use o f  e x c e s s iv e  am ounts o f  m e th a n o l/a c e to n e  
was a v o id e d  b e c a u se  i f  th e  a c id  becam e to o  d i l u t e  i t  to o k  much 
lo n g e r  t o  r e a c t ,  and  p r e c i s i o n  d e c r e a s e d ,  p o s s i b ly  b e c a u se  a  
d i f f e r e n t  p ro d u c t  was in t r o d u c e d  th ro u g h  s id e  r e a c t i o n s .
7 . Acetone g e n e ra lly  undergoes an a c id  or b ase  ca ta ly zed  a Id o l 
type co n d en sa tio n  lead in g  to  th e  fo rm ation  o f d iace to n e  a lc o h o l 
and then  to  m e s ity l o x ide . A m ix tu re  o f 1:1 acetone and concen­
t r a te d  h y d ro ch lo ric  ac id  tu rn ed  y e llo w ish  a f t e r  2 hours a t  
room tem p era tu re . I n te r e s t in g ly  enough even a f t e r  keeping fo r
2 d a y s ,  no ch an g e  i n  c o lo r  was o b s e rv e d  when a c e to n e  was 
t r e a t e d  ( 1 :1  m ix tu r e s )  w ith  e i t h e r  c o n c e n t r a te d  n i t r i c  a c id  o r  
IN sodium  h y d ro x id e .  However, th e  p o s s i b i l i t y  t h a t  th e s e  compounds 
m ig h t h a v e  form ed i n  t r a c e s  c o u ld  n o t  be  o v e r lo o k e d . B ecause 
th e s e  compounds a s  w e l l  a s  a c e to n e  i t s e l f  a b s o rb  s t r o n g ly  i n  
th e  uv r e g i o n ,  (m e th an o l a l s o  a b s o rb s  i n  th e  u v  b u t  t h i s  
a b s o r p t io n  i s  a lm o s t a t  th e  edge o f  th e  uv -  vacuum uv d i v i s i o n ) ,  
th e  d e c i s i o n  was made to  m easu re  a b so rb a n c e  i n  th e  v i s i b l e  
r e g io n .  A l l  PDA compounds ( in c lu d in g  i t s  n i t r o  d e r i v a t i v e s )  
a b s o rb e d  i n  th e  uv  r e g io n  a s  w e l l ,  a  f a c t  t h a t  was u sed  by J o n e s  
and  S te p h e n 245 a s  th e  b a s i s  f o r  an  a n a l y t i c a l  p ro c e d u re .  The 
e x t i n c t i o n  c o - e f f i c i e n t s  a t  t h e  m axim a, h o w ev e r, w ere co m p arab le
to  th o se  in  th e  v i s i b l e  reg io n  and even i f  such in te r f e re n c e s  
could have been o b v ia te d , no s ig n i f ic a n t  g a in s  would have r e s u l te d  
by measurement in  th e  uv re g io n . F urtherm ore, s in ce  u l t im a te ly  
th e  goal o f th e  method was to  determ ine a irb o rn e  s u lf a te s  i t  
was expected th a t  o rg an ic  m a te r ia l  p re se n t in  th e  a i r  would be 
c o lle c te d  concom m itantly and th e se  m ight very  w e ll lead  to  i n t e r ­
fe re n c e s  i f  measurements were made in  th e  uv reg io n .
8 . Over 10 i^g s u l f a t e  le v e ls ,  i t  was no t p o s s ib le  to  remove
every t r a c e  o f c o lo r  developed from the  f i l t e r .  However, ap p a ren tly  
no s ig n i f ic a n t  amounts remained on th e  f i l t e r s  to  a f f e c t  th e  
r e s u l t s  a d v e rse ly .
9 . G lass f ib e r  f i l t e r s  in e v ita b ly  led  to  f ib ro u s  m a te r ia l  in
th e  s o lu t io n  and rem oval o f th e  same b e fo re  absorbance measurements 
was e s s e n t i a l .  The s o lu tio n  cou ld  have been f i l t e r e d  through  
a r e g u la r  f i l t e r  p a p e r , bu t i t  was more conven ien t and ra p id  to  
use fu n n e ls  w ith  stem s l ig h t ly  packed w ith  good q u a li ty  g la s s  
w ool. A fte r  each u se  the  fu n n e l was r in se d  w ith  ace tone  and th e  
f i r s t  1 ml o f th e  nex t s o lu tio n  f i l t e r e d  d isc a rd e d .
10. Although d a ta  re p o rte d  h e re  do not show a  s ig n i f ic a n t  super­
i o r i t y  o f one method over th e  o th e r  in  reg a rd  to  measurement
in  a c id ic  o r b a s ic  s o lu t io n s ,  measurement in  b a s ic  s o lu t io n  was 
p re fe r re d  because o f  a) s l ig h t  enhancement o f  s e n s i t iv i ty
3056) b) no in te r f e re n c e  due to  any ox ides of n itro g e n  th a t  
m ight be formed d u rin g  th e  n i t r a t i o n  p ro cess  and d isso lv e d  in  
th e  a c id .  There was ano ther th e o r e t ic a l  advantage in  fav o r of 
measurement o f b a s ic  so lu tio n  -  th e  e x t in c t io n  c o e f f ic ie n t
e x h ib i t s  a much h ig h e r  degree o f  pH dependency a t  low pH values 
th an  a t  high pH v a lu e s . As w i l l  be shown in  C hapter XI no change 
in  e x t in c t io n  c o e f f ic ie n ts  was noted p a s t  pH 10; and th en  i t  became 
v i r t u a l l y  pH independen t. However, a t  th e  h ig h  c o n ce n tra tio n s  
o f  a c id  used , sm all v a r ia t io n s  in  th e  amount o f a c id  were a lso  
u n lik e ly  to  cause any m easureable cahnge in  pH o r  s h i f t  o f th e  
e q u ilib r iu m . At such c o n c e n tra tio n s  io n ic  b eh av io r , o f  co u rse , 
i s  g ro ss ly  n o n - id e a l ,
11. The c a l ib r a t io n  p lo ts  g iven  in  F ig u res  5 and 6  in  t h i s  ch a p te r  
may be rep re sen ted  re s p e c t iv e ly  by th e  eq u a tio n s  y = 0 .2 1  x and 
y  = 0 .2 8  x re s p e c t iv e ly  where y = absorbance and x = s u l f a te  
c o n c e n tra tio n  in  ppm in  th e  m easuring volume. Here th e  t o t a l  
measurement volume was 10 ml and because each mole o f  s u l f a te  was 
a s s o c ia te d  w ith  2 moles o f PDA lead in g  to  th e  fo rm ation  o f  2 moles 
o f a m in o n itro p e rim id in e , i t  can  be e a s i ly  c a lc u la te d  th a t  a  
s u l f a t e  c o n c e n tra tio n  o f x ppm amounts to  a  c o n c e n tra tio n  o f
q ^  am in o n itro p erim id in e . I f  th e  f a c to r s  0 .2 1  and 0 .2 8  a re  
m u lt ip l ie d  w ith  0 .4 8  th e  eq u a tio n s  y = 1 .0 0 8  x 10_2x and 
y = 1 .^ 4 4  x l 0 -2 x a re  ob ta in ed  where x = c o n c e n tra tio n  o f the  
am in o n itro p erim id in e  in  m icrom olar u n i t s .  These eq u a tio n s  a re  
v i r t u a l l y  id e n t ic a l  to  th e  eq u a tio n s  y = 1 ,0 1  x 10“ ^  and 
y = I .5 5  x 10“ %  p re se n te d  fo r  th e  B e e r 's  law b ehav io r o f 
am in o n itro p erim id in e  in  F ig u re  4 in  th e  p rev io u s  c h a p te r .
T his c o r r e la t io n  e s ta b l is h e s  th a t :
a) under the c o n d itio n s  and amounts used fo r  th e  r e a c t io n ,  th e  
conversion  o f th e  s u l f a te  s a l t  of PDA to  am inon itroperim id ine
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i s  q u a n t i ta t iv e ;
b) th e  chrom atographic removal p rocess removes excess PDA-bromlde 
s u c c e s s fu lly  w hile  r e ta in in g  P D A -su lfate .
IV. RESULTS OF INTERFERENCE STUDIES:
In te r fe re n c e  s tu d ie s  were c a r r ie d  ou t in  d e ta i l  only  w ith  
s e le c te d  a n io n s , s in ce  th e  chem ical b a s is  o f  th e  method in d ic a te  
th a t  c a t io n ic  in te r f e re n c e  would be u n l ik e ly .  In te r fe re n c e  s tu d ie s  
were c a r r ie d  ou t to  determ ine a) th e  p ercen tag e  in te r f e re n c e  
( in  term s o f  in c reased  absorbance from c a l ib r a t io n  va lue  w ithout 
in te r f e r a n t )  imposed by th e  in te r f e r r in g  ion  on 10 micrograms 
o f s u lf a te  (100  p,l, 100 ppm) where th e  form er was p re se n t in  
amounts 1 0 , 0 0 0 , 1 ,0 0 0 , 1 0 0 , 10 and 1 tim es th e  amount o f th e  
s u l f a t e ,  b ) th e  in te r f e r in g  th re sh o ld , i . e . ,  w ith  a 100 wl 
I n je c t io n  o f  th e  i n t e r f e r r in g  ion  in  absence o f s u l f a te  th e  con­
c e n tra t io n  a t  which c o lo r  development on th e  f i l t e r  was f i r s t  
d e te c te d .
The r e s u l t s  o f th e  study  ( a l l  d e te rm in a tio n s  were c a r r ie d  
ou t in  s e ts  o f  f iv e )  a re  shown in  Tables I I I  and IV. I f  the  
mean o f th e  r e s u l t s  were w ith in  5$ of th e  mean c a l ib r a t io n  value  
w ithout i n t e r f e r a n t ,  e x te n t o f in te r f e re n c e  i s  re p o rte d  as none.
From th e  ta b le s  i t  can  be re a d ily  a s c e r ta in e d  th a t  th e  method 
can be regarded  as r e l a t iv e ly  in te r f e re n c e  f r e e ,  a t  l e a s t  as f a r  
as a p p l ic a t io n  to  a c tu a l  w ater samples a re  concerned. The only 
s ig n i f ic a n t  in te r f e re n c e s  were due to  o x a la te ,  phosphate , and 
b ic a rb o n a te . (S tu d ies  w ith  carbonate  could not be c a r r ie d  out 
because h ig h ly  a lk a l in e  s o lu tio n s  such as sodium carbonate  re a c te d
TABLE III
EXTENT OF INTERFERENCE ON AQUEOUS SULFATE DETERMINATION 
100 p i  100 ppm s u lf a te  In je c t io n ,  methanol e lu t io n
I n te r f e r in g  Ion 1:1
CONCENTRATION 
(TIMES THAT OF SULFATE) 
1:10 1:100 1:1000
F ND NONE NONE NONE
Cl" ND NONE NONE NONE
Br ND ND NONE NONE
l “ ND ND ND NONE
HCOO~ NONE NONE 50- 100$* ND
C204“ 153$ V.H. V.H. ND
ch3coo" NONE NONE 16.5$ ND
HaP0 4" 33$ V.H. V.H. ND
hco3“ 11$ V.H. V.H. ND
no3- NONE NONE V.H. ND
ND = n o t done, V.H. = very h ig h , >  500$
* ir re p ro d u c ib le
TABLE IV
THRESHOLD CONCENTRATIONS AT WHICH INTERFERENCE FIRST APPEARS 
100 y,l I n je c t io n ,  Methanol E lu tio n
INTERFERING ION THRESHOLD CONCENTRATION
C l" , B r", i " ,  F" S a tu ra ted  Sodium/Potassium S a lt  so lu tio n s  
do no t in t e r f e r e .
HCOO” >  1000 ppm
C2O4 I n te r f e re s  a t  a l l  le v e ls  s tu d ie d , down 
to  10 ppm
CH3COO" >  5OOO ppm
HaP04‘ >  25 ppm
HCO3" >  100 ppm
N03“ >  1000 ppm
oo
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w ith  PD A -salts l ib e r a t in g  th e  f re e  amine in  an e q u ilib riu m  
p ro c e ss ; th e  f re e  amine was ra p id ly  o x id ized  by a i r .  For th e  same 
reason  th e  method was in a p p lic a b le  to  samples w ith  pH h ig h e r  than
9 w ithou t p re tre a tm e n t .)
S tud ies  were th en  c a r r ie d  out w ith  an  e lu t in g  so lv e n t o f  1$ 
m onochloroacetic  a c id  in  m ethanol to  see  i f  t h i s  so lv e n t reduced 
th e  in te r f e r e n c e .  A se p a ra te  c a l ib r a t io n  curve was c o n s tru c te d  
w ith  th is  p a r t i c u la r  e lu t in g  so lv en t and i s  shown in  F ig u re  7 . The 
p re c is io n  was in  g e n e ra l p o o re r than th a t  w ith  m ethanol. S tandard 
d e v ia tio n  was a cc e p ta b le  (<  10$) a t  le v e ls  over 10 jig b u t se v e re ly  
d e te r io ra te d  a t  low er and low er l e v e ls ;  a t  le v e ls  between 5 and
10 p,g th e  s tan d a rd  d e v ia t io n  was between 10 and 20$ and unusably 
e r r a t i c  a t  le v e ls  1 jig and below. R e su lts  o f  th e  in te r f e re n c e  
study  is  shown in  T ab les V and VI.
As th e  d a ta  show, some improvement was observed b u t i t  was 
d o u b tfu l th a t  w hether any a c tu a l  s i tu a t io n  would be encountered 
in  which th i s  so lv e n t would lead  to  more r e l i a b le  r e s u l t s  than  
th o se  o b ta in ed  w ith  m ethanol.
V. APPLICATION TO ACTUAL WATER SAMPLES:
Thoma483 conducted a  study  in v o lv in g  s u l f a te  an a ly ses  o f a 
number o f w ate r samples by v a rio u s  methods to  compare them w ith  
th e  r e s u l t s  o b ta in ed  by th e  PD A -sulfate p y ro ly s is  method developed 
by h e r . Some o f th e se  sam ples were s t i l l  a v a i la b le  and were 
su b jec ted  to  a n a ly s is  by th e  method d esc rib ed  in  th is  work 
(100 jil a l iq u o ts  and measurements in  base  were u se d ). A ll  v a lu es 
o th e r  than  th o se  o b ta in ed  by th is  method a re  quoted from Thoma's
AM
OUNT 
OF 
SU
LFA
TE
ABSORBANCE AT 550 nm
CO CT) CDcn cn
cn
cn
ro
rocn
to COV-N
TABLE V
EXTENT OF INTERFERENCE ON AQUEOUS SULFATE DETERMINATION 
100 ^1 100 ppm S u lfa te  in je c t io n ,  MCAA E lu tio n
INTERFERING ION 
STUDIED
CONCENTRATION (TIMES THAT OF SULFATE) 
1:1 1:10 1:100 1:1000
C l" , B r", l " ,  f " ND ND ND NONE
HCOO" ND NONE NONE ND
10$ -750$ V.H. ND
ch3coo“ NONE NONE 20$ ND
H2P04" 25$ V.H. ND
hco3" NONE 57$ l»75$ ND
no3" NONE NONE 50$ ND
ND = not done V.H. « very h ig h , g re a te r  than 750$
TABLE VI
THRESHOLD CONCENTRATIONS AT WHICH INTERFERENCE FIRST APPEARS 
100 yil I n je c t io n ,  MGAA E lu tio n
INTERFERING ION THRESHOLD CONCENTRATION
C l" , Br” , l " , F" S a tu ra ted  sodium /potassium  s a l t
so lu tio n s  do n o t in te r f e r e
HCOO* >  5OOO ppm
c^o4= >  25 ppm
CH3 COO" >  5000 ppm
HsP04" >  50 Ppm
hco3" >  500 ppm
N03" >  1000 ppm
co
u i
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d i s s e r t a t i o n .  The d a ta  a re  p re se n ted  In  Table V II along w ith  
u n c e r ta in t ie s  fo r  a  95$ confidence l im i t  (+ 2a ) .
The d a ta  show th a t  th e  r e s u l t s  ob ta in ed  by th e  c u rre n t method 
c o r r e la te  w e ll w ith  th e  s tan d a rd  methods (barium s u l f a t e  g rav im etry  
and tu rb id im e try )  as w e ll as Thoma's method and, w ith in  reaso n ab le  
d eg ree , to  th e  b a r lu m -c h lo ra n ila te  method. The ED A -sulfate 
nephelom etric  method g e n e ra lly  produced values f a r  h ig h e r  than  
th o se  o b ta in ed  by o th e r  m ethods, and a  d e ta i le d  d is c u s s io n  o f  
th i s  has been g iven  by Thoma. 483
The s a l i e n t  p o in t i s  th a t  r e s u l t s  th a t  a re  alm ost eq u a lly  
r e l i a b le  may be o b ta in ed  by th e  c u r re n t  method a t  a  f r a c t io n  o f  
th e  tim e used fo r  o th e r  m ethods. The c u rre n t method tak es about 
h a l f  an  hour fo r  a  s in g le  d e te rm in a tio n  and an hour fo r  10 s im ul­
taneous d e te rm in a tio n s .
TABLE VII
COMPARISON OF ANALYTICAL RESULTS OBTAINED BY DIFFERENT METHODS
SULFATE (ppm)
(PDA)aS04 BaS04 BaS04 Barium (PDA)2S0 4
P y ro ly tic Gravi­ Turbid- C hlor- Nephelo­ This
Sample pH Method m etric ira e tr ic A n ila te m etric Work
Baton Rouge, 
La.
8 .6 7 1 0 . 4 + 0 . 5 9 .8 1 0 .4  + 0 .3 6 .9 6  + 0 .1 9 43.2 + 7.3 1 0 .8  + 0 .8
G arn a v illo , 
l a .
7 .8 6 11.3 + 1.9 1 2 .6 1 3 .6  + 0 .2 1 3 .2 4  + 1 .0 4 7 1 .0  + 2 .4 1 2 .8  + 1 .0
K enner, La. 9.61 54.9 ±  1-9 5 2 .8 3 4 .4  + 0 .8 46.8  + 0 .8 4 6 1 .2  + 0 .3 53-0 + 1.9
N a tch ito ch es , 
La.
T.32 48.4 + 0 .5 4 3 .6 4 5 .2  + 0 .4 41.20 + O.99 42.0 + 1.0 46.0 + 1 .1
Diamondhead, 8 .6 7 8 .2  + 0 .3 9 .1 9*5 + 7 .6 0  + 0 .40 19.8 + 0 .5 9 .1  + 2 .2
M iss.
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CHAPTER IX
THE DETEKMINAIION OF AEROSOL SULFURIC ACID 
AND ITS SPECIATION FROM AMMONIUM SULFATE
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I .  CALIBRATION WITH AEROSOL SULFURIC ACID
Thomas487  rep o rted  th a t  th e  amount o f  ae ro so l s u l f u r ic  acid  
c o lle c te d  on a  f i l t e r  was l in e a r  w ith  tim e w ith  the g en e ra to r  
d escrib ed  by Thomas, e t  a l .2 86  A sp ira tin g  a  980 ppm s u lf u r ic  ac id  
so lu tio n  Thomas e s ta b lis h e d  th a t  th e  c o l le c t io n  r a te  was about 20 
Hg/min a t  th e  c o n s ta n t sam pling r a t e  p rov ided  by th e  Gelman f i l t e r  
tape sam pler (rj 18 l i t e r s /m in u te ) .  For t h i s  work th i s  c o l le c t io n  
r a t e  was reg ard ed  to  be f a r  too h igh and a  r a t e  of about an 
o rd e r o f  m agnitude lower was d e s ir a b le .  The c o n c en tra tio n  of 
s u lf u r ic  a c id  a s p ira te d  was th e re fo re  reduced  to  100 ppm r e ta in in g  
o th e r  param eters such as fu e l  p re s s u re ,  a i r  p re s su re , d iam eter 
o f  a s p ir a t io n  tu b e  co n s ta n t ( 1 .0  p s i ,  1 2 .5  p s i  and 1 mm diam eter 
te f lo n  r e s p e c t iv e ly ) .  F ive m inute samples were c o lle c te d  a t  
10 l i te r s /m in u te  on FDA-bromide im pregnated f i l t e r s  (im pregnated 
a f t e r  Thomas, e t  a l . 's  m ethod , 488 10 ml o f 1 .8 $  m ethanolic 
PDA-bromide poured on a «-* 100 mm diam eter f i l t e r  k ep t in  a p e t r i  
d ish  and d r ie d  a t  80°C fo r  30  m inu tes) and analyzed by th e  
PD A -sulfate P y ro ly t ic  method, m on ito ring  th e  s u lfu r  d io x id e  
evolved w ith  a t o t a l  s u lf u r  m onitor (TSM). T r ip l ic a te  samples 
were analyzed  and th e  mean was found to  be somewhat low er than 
10 micrograms o f  s u l f a t e .  Because i t  was beyond the scope of 
th i s  s tudy  to  in v e s t ig a te  th e  ex ac t r e la t io n s h ip  between the  
c o n c e n tra tio n  o f generated  a e ro so l s u l f u r ic  ac id  and th e  s u lf u r ic  
ac id  c o n c e n tra tio n  o f th e  a s p ira te d  s o lu t io n ,  the  s u l f u r ic  ac id  
c o n c e n tra tio n  was in c reased  sim ply by t r i a l  u n t i l  5 m inute samples 
c o lle c te d  r e s u l te d  in  a mean average c o l le c t io n  of ~  10 ^g s u l f a te
as determ ined  by th e  pyrolysis-TSM  method ( s e t  o f  f iv e  sam ples, 
mean 1 0 .1  |jg , range 2 .1  p,g, s tan d a rd  d e v ia tio n  4 . 9 $ ) ,  The 
c o n c e n tra tio n  o f th e  s u l f u r ic  a c id  s o lu t io n  a s p ira te d  was l a t e r  
determ ined by ac id im etry  to  be I I 3 .8  ppm. A s e t  o f  e ig h t 
samples were c o l le c te d ,  th re e  analyzed by th e  Pyrolysis-TSM  
method and f iv e  by th e  method developed in  t h i s  work, h e re to fo re  
to  be r e fe r r e d  to  as th e  n i t r a t i o n  method. Eleven d i f f e r e n t  
c o l le c t io n  tim es were used f o r  th e  c o l le c t io n  o f sam ples;
30 s e c . ,  1*8 s e c . ,  72  s e c . ,  1 .5  m in ., 2 m in ., 2 .5  m in ., 5 m ln .,
7 .5  m in ., 10 m in ., 12 .5  min. and I 5 m in u tes . A t o t a l  number o f  
e ig h ty -e ig h t  samples were th u s  o b ta in ed . The peaks in  th e  re c o rd e r  
t r a c e s  o f  th e  t o t a l  s u lfu r  m onitor were In te g ra te d  u s in g  a manual 
p la n lm e te r  to  y ie ld  th e  peak a re a  and th e  l a t t e r  was c a l ib r a te d  
by using  a t r i p l i c a t e  s e t  o f  10 p,g aqueous s u l f a te  samples 
(100 ^1 , 100 ppm) pu t on id e n t ic a l ly  im pregnated f i l t e r s .  The 
fo rm ation  o f  s u lf u r  d io x id e  from th e  aqueous samples were assumed 
a f t e r  Maddalone311  to  be q u a n t i ta t iv e .
Samples c o l le c te d  fo r  a n a ly s is  by th e  n i t r a t i o n  method were 
c o l le c te d  on f i l t e r s  th a t  were im pregnated d i f f e r e n t ly  from 
Thomas, e t  a l ' s  p ro ced u re . A 72 mm x 72 mm square was c u t ou t 
o f  th e  102 mm d iam eter g la s s  f ib e r  f i l t e r ,  A 20 mm wide 
im pregnation  band was c re a te d  on th i s  p ie c e  by app ly ing  1 ml o f  
3$ m ethano lic  PDA-bromide s o lu t io n  c o n ta in in g  0 .02$  b u ty l 
hydroxy to lu e n e  (BHT) w ith  a  d isp o sab le  p ip e t  as evenly  as 
p o s s ib le  s t a r t i n g  a t  ro 10 mm from th e  bottom  o f  th e  p ie c e . The 
im pregnated reg io n  con ta in ed  2 .1  mg PDA-bromide/cm2 , roughly  th e
same as th e  amount recommended by Thomas487 fo r  optimum c o l le c t io n  
and a n a ly s is .  A fte r d ry in g  fo r  a  h a l f  hour a t  80°C th e  p iece  
was cu t i n t o  s t r ip s  wide enough to  f i t  in  th e  Gelman Sampler 
18 mm) and to  cover th e  e n t i r e  sam pling a r e a .  Each s t r i p  
thus had a  ~  20 mm wide im pregnated re g io n  approxim ately  10 mm 
from th e  bo ttom  and th e  to p  o f t h i s  band was l e f t  unim pregnated.
The reaso n  f o r  choosing such an im pregnation  geometry was to  make 
subsequent chrom atographic removal o f  th e  excess PDA-bromide 
fe a s ib le  and f a c i l e .  The s t r i p s  were chrom atographed, f iv e  a t  
a time w ith  methanol as th e  e lu t in g  s o lv e n t ,  as d escrib ed  in  th e  
previous c h a p te r .  The s t r i p s  were p la ce d  in  th e  beaker fo r  a 
period o f 15  m inutes r a th e r  than  10 m inutes as was used fo r  
aqueous sam ples because o f  th e  much la r g e r  amounts o f excess r e a ­
gent p r e s e n t .  The a d d i t io n  o f b u ty l hydroxy to lu en e  in h ib i t s  
th e  decom position  o f PDA and was added as a  p recau tio n a ry  
measure b ecau se  the  tem p era tu re  o f th e  sample s tream  coming from 
th e  s ta c k  g e n e ra to r  was f a i r l y  h ig h . The sample sp o t was c u t 
away by a  16  mm d iam eter f i l t e r  c u t t e r  and measurment was made 
in  b asic  s o lu t io n  a t  55O nm fo llow ing  th e  tre a tm e n t procedure 
described  i n  the  p rev io u s  c h a p te r .
The r e s u l t s  of th e  an a ly ses  a re  shown in  Table V III .  Absorbance 
values o b ta in e d  in  th e  n i t r a t i o n  method a re  p lo t te d  a g a in s t th e  
amount o f  s u l f a t e  found by th e  Pyrolysis-TSM  method in  F ig u re  8 .
I I .  REMARKS
The r e s u l t s  in  T ab le  V III shows th a t  th e  n i t r a t i o n  method 
c o r re la te d  w e ll w ith th e  p y ro ly t ic  method and was probably  somewhat
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TABLE VIII
RESULTS OR AEROSOL SULFURIC ACID DETERMINATION 
PYROLYTIC-TSM v s . NITRATION METHOD
Group
S u lfa te  found 
by
Sampling Time Pyrolysis-TSM  Method
pg
Absorbance (A ^r! ) 
o b ta in ed  550nm 
$ SD in  th e  n i t r a t i o n  method % SD
1 30 s 1 .0 1 0 .1 0 .026 8.3
2 48 S 1 .7 8 .9 0.044 7 .6
3 72 S 2 .4 9 .2 0.065 7 .4
it 1 .5  m 3 .1 8 .7 O.O85 5-9
5 2 .0  tn 3 .9 1 0 .8 0.114 5.0
6 2 .5  in 5.0 8 .8 0.138 5-1
7 5 .0  m 1 0 .1 7 .8 0.276 4 .2
8 ■, 7 . 5  HI 15.2 5-9 0.422 4.8
9 •*' 1 0 .0  tn 19.9 rL'6 .8 O.564 5.0
10 1 2 .3  tn 25.3 1 0 .0 0 .702 6 .1
11 I5 .0  m 30.0 ^ 5 O.838 5-3
VD
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more p r e c is e .  I t  i s  hard  to  comment on th e  r e l a t i v e  p re c is io n  
s in c e  th e  u n c e r ta in ty  in  th e  sam pling s tep  i t s e l f  must a lso  be 
co n s id e red .
The c a l ib r a t io n  p lo t  g iv en  in  F ig u re  8  in  term s o f th e  p y ro ly t ic  
method as th e  re fe re n c e  method c le a r ly  e s ta b lis h e d  th a t  th e  c a l i ­
b r a t io n  was i d e n t i c a l  to  th a t  ob ta ined  fo r  aqueous s u l f a t e .
The c a l ib r a t io n  e q u a tio n  o b ta in ed  h e re  was y = 0 .028x  where 
y = absorbance and x = amount o f  s u l f a te  in  micrograms which i s  
e q u iv a le n t to  th e  c a l ib r a t io n  curve ob ta in ed  fo r  aqueous s u l f a te  
y = 0 .28x  where x  = s u l f a te  c o n c e n tra tio n  in  p a r ts  p e r m illio n  in  
a  m easuring volume o f  10 m l.
Im pregnated f i l t e r s  do n o t keep w e ll very  lo n g , even in  a 
d e s ic c a to r .  They should be used w ith in  1+8 hours a f t e r  p re p a ra t io n .
I I I .  SPECIATION FROM AMMONIUM SULFATE
I t  i s  obvious from th e  e x te n s iv e  d isc u ss io n s  c a r r ie d  out in  
th e  f i r s t  p a r t  o f  th i s  d i s s e r t a t i o n ,  th a t  a  t r u ly  m eaningful 
s p e c i f ic  d e te rm in a tio n  of a e ro so l s u l f u r ic  a c id  should  be ab le  
to  d i f f e r e n t i a t e  i t  from ammonium s u l f a t e ;  because th e  l a t t e r  i s  
in  g en e ra l th e  dominant component o f  a e ro so l s u l f a t e  burden o f 
our a i r  and in  term s o f hazardous consequences i t  i s  no t as 
damaging as s u l f u r ic  a c id .  As has been m entioned in  C hapter I I I ,  
no to x ic o lo g ic  d a ta  a re  a v a i la b le  on ammonium b i s u l f a t e  o r any o th e r  
s u l f a t e  and b i s u l f a t e  s a l t s  o f  im portance excep t z in c  s u l f a te  
and z in c  ammonium s u l f a t e .  I t  I s  u n lik e ly  th a t  th e  l a s t  two 
compounds a re  p re se n t in  th e  am bient a i r  to  any s ig n i f ic a n t  e x te n t 
excep t under s p e c ia l  c ircu m stan ces  ( c f .  Donora, 19^8 ) b u t based
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on an educated guess, ammonium bisulfate probably poses a
h a z a rd  in d e x  e q u iv a le n t  t o  t h a t  o f  s u l f u r i c  a c i d .  I n  th e  ab se n c e
o f  t o x i c o lo g i c  d a t a ,  no a t te m p ts  w ere  made to  d i f f e r e n t i a t e
s u l f u r i c  a c id  from  ammonium b i s u l f a t e ,  a l th o u g h  t h e o r e t i c a l l y
t h e  c o n c e p t o f  th e  s p e c i a t l o n  p ro c e s s  d e v e lo p e d  h e r e  c o u ld  e a s i l y
?
b e  e x te n d e d  to  s e p a r a t e  ammonium b i s u l f a t e .
As h a s  b e e n  m e n tio n ed  b e f o r e ,  PDA-brcrmide r e a c t s  to p o c h e m ic a lly  
w i th  th e  s u l f u r i c  a c id  a e r o s o l  b e c a u se  t h e  l a t e r  e x i s t s  a s  a 
l i q u i d  a e r o s o l  u n d e r  a l l  m e a su ra b le  r e l a t i v e  h u m id ity  c o n d i t io n s .
O th e r  a i r b o r n e  s u l f a t e  s a l t s  on  th e  o th e r  hand  e x i s t  a s  s o l i d  
o r  l i q u i d  a e r o s o l s  d e p e n d in g  o n  th e  p r e v a i l i n g  r e l a t i v e  h u m id ity  
( R .H .) .  As lo n g  a s  th e  p r e v a i l i n g  R .H . i s  below  th e  c r i t i c a l  
h u m id ity  o f  th e  s p e c ie s  u n d e r  c o n s id e r a t i o n  i t  i s  p r e s e n t  as, a 
s o l i d  a e r o s o l  and  w i l l  n o t  r e a c t  w ith  th e  PDA -brom ide upon 
sa m p lin g  t o  form  P D A -s u lfa te .  T h i s ,  h o w e v e r, does n o t  i n  i t s e l f  
c o n s t i t u t e  a  s p e c i a t i o n  m ethod s in c e  a l th o u g h  th e  m a te r i a l  
d o es  n o t  r e a c t  w i th  th e  PDA -brom ide i t  i s  im p ac te d  on th e  f i l t e r  
and le a d s  t o  i n t e r f e r e n c e s  i n  b o th  th e  p y r o l y t i c  and th e  n i t r a t i o n  
m e th o d s . In  th e  p y r o l y t i c  m ethod ammonium s u l f a t e  decom poses 
to  form  s u l f u r  d io x id e  a t  th e  p y r o ly s i s  te m p e ra tu re  em ployed 
f o r  t h e  d e c o m p o s itio n  o f  P D A -su lfa te  and i n  th e  n i t r a t i o n  method 
ammonium s u l f a t e  i s  s u f f i c i e n t l y  s o lu b le  i n  m e th a n o l t o  r e a c t  
s u b s e q u e n t ly  w ith  PDA-bromide t o  form  P D A -s u lfa te  d u r in g  th e  
c h ro m a to g ra p h ic  e l u t i o n  p r o c e s s .  I f ,  h o w ev e r, th e  u n r e a c te d  
s o lu b le  s u l f a t e  c o u ld  b e  c o n v e r te d  to  some o th e r  v e ry  in s o lu b le  
s a l t ,  a  m ethod o f  s p e c i a t i o n  c o u ld  b e  a c h i e v e l .  The o b v io u s  c h o ic e
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f o r  a  v e ry  i n s o l u b l e  s a l t  i s  b a riu m  s u l f a t e ,  w hich  i s  i n  f a c t  
m ore in s o lu b l e  th a n  P D A -s u lfa te .  The fo rm a t io n  o f  b a r iu m  s u l f a t e  
from  ammonium s u l f a t e  i n  th e  p re s e n c e  o f  P D A -s u lfa te  m u st m eet 
th e  fo l lo w in g  c r i t e r i a :
a )  th e  barium  s u lf a te  must be formed from th e  ammonium s u lf a te  
w ithout s ig n i f ic a n t  fo rm ation  of PD A -sulfate
b )  t h e  P D A -s u lfa te  a l r e a d y  p r e s e n t  sh o u ld  n o t  m e ta th e s iz e  t o  
b ariu m  s u l f a t e  th e  l a t t e r  b e in g  th e  m ore i n s o lu b l e  s a l t .
The seco n d  c r i t e r i o n  i s  n o t  d i f f i c u l t  to  m e e t,  s in c e  n o rm a lly  
a  m e ta th e s i s  r e a c t i o n  w ith  a  h ig h ly  in s o lu b l e  compound p ro c e e d s  
o n ly  s lo w ly  and r a t h e r  d r a s t i c  c o n d i t io n s  ( b o i l i n g ,  e t c . )  a r e  
n o rm a lly  n e c e s s i t a t e d  ( c f . ,  d e te r m in a t io n  o f  s u l f a t e  in v o lv in g  
i n d i r e c t  t i t r i m e t r i c  m e th o d s , C h a p te r  IV ) . To m eet th e  f i r s t  
c o n d i t i o n ,  h o w e v e r, t h e  s o lv e n t  c o n ta in in g  th e  b a riu m  io n  m ust b e  
o f  s u f f i c i e n t l y  low d i e l e c t r i c  c o n s ta n t  su ch  t h a t  i t  d o es  n o t 
s i g n i f i c a n t l y  i o n i z e  PDA-brom ide y e t  p ro v id e s  a  s i g n i f i c a n t  
b a riu m  io n  a c t i v i t y .  A s a t u r a t e d  s o l u t i o n  o f  b a riu m  a c e t a t e  
i n  a  m e th a n o l-a c e to n e  m ix tu re  o f  v a r io u s  c o m p o s itio n s  was s tu d ie d  
to  t e s t  th e  h y p o th e s i s .
Ammonium s u l f a te  a e ro so l cannot be genera ted  by th e  s tack  
g en e ra to r because th e  l a t t e r  a c tu a l ly  g en e ra te s  a e ro so l by a 
combustion p ro c e ss . An u l t r a s o n ic  g e n e ra to r  was used to  g en era te  
ammonium s u lf a te  a e ro so l and th e  sam pling s e t  up i s  shown in  
F ig u re  9 . A 200 ppm ammonium s u l f a te  s o lu tio n  was a g i ta te d  by 
a h igh  energy h igh  frequency tra n sd u c e r  to  g en era te  ammonium 
s u l f a te  a e ro so l in  th e  form o f  a f in e  m is t .  The sample was drawn
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from a h e ig h t r** 20 cm above th e  s o lu t io n  s u rfa c e  in to  a four 
l i t e r  p o ly e th y len e  m ixing chamber where dry n i tro g e n  was in tro d u ce d  
from a tan k  v ia  a v a lv e  and flow m eter to  reduce th e  r e l a t iv e  
hum idity  (R .H .) o f  th e  sample p r io r  to  sam pling. The R.H. 
o f th e  stream  coming d i r e c t ly  from th e  a e ro so l g e n e ra to r  was 
v i r t u a l l y  100$ , and th e re fo re  th e  flow  r a te  was a d ju s te d  to  about 
one and one h a l f  tim es th e  flow  r a t e  through th e  a e ro so l g e n e ra to r ,  
to  reduce th e  R.H. o f  th e  sample s tram  to  ~  I4O3&. The sample s tream  
was drawn through  th e  sampling f i l t e r  in co rp o ra ted  in  th e  Gelman 
tap e  sam pler e i th e r  d i r e c t ly  o r  th rough  a one l i t e r  erlenm eyer 
f la s k  in  which a  s o l id  s t a t e  hum id ity  probe was i n s t a l l e d .  By 
means o f  a three-w ay stopcock th e  sample s tream  could  be made 
to  flow  through th e  f la s k  o r bypass i t .  The R.H. was m onitored 
p r io r  to  sam pling by d ir e c t in g  th e  flow  through th e  f la s k  and tdien 
th e  R.H. was s a t i s f a c t o r i l y  a d ju s te d  to  IjO + 5$ by c o n tro ll in g  
th e  d ry  flow , th e  f la s k  was bypassed  and sam pling began.
Ammonium s u l f a te  has a c r i t i c a l  d e liq u escen ce  p o in t  o f 8 l $ 522 
and so a t  a  R.H. o f  1{0% i t  was p re se n t as a s o l id  p a r t i c u la te .
The nom inal flow  r a t e s  used were 1 .0  l i te r /m in u te  through th e  
a e ro so l g e n e ra to r  and I .5  l i t e r s /m in u te  o f d ry  n itro g e n  in to  
th e  m ixing chamber. F iv e  m inute samples were c o lle c te d  on band- 
im pregnated f i l t e r  s t r i p s  as  d e sc rib e d  in  th e  p rev io u s  s e c t io n  
and t r i p l i c a t e  s e ts  were analyzed  by Thomas, e t  a l . ' s  t o t a l  
s u l f a t e  p y ro ly t ic  method and by th e  n i t r a t i o n  m ethod. The 
re s p e c t iv e  mean v a lu e s  o b ta ined  were 8.5 W5 and 8 . 9 MS and th e  
r e l a t i v e  s tan d a rd  d e v ia tio n s  were 1 1 . 8$ and 9 *9 $ r e s p e c t iv e ly .
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I t  would seem th a t  t h i s  r e l a t iv e ly  h ig h  d e v ia tio n  r e f le c te d  th e  
somewhat im p rec ise  n a tu re  o f  th e  a e ro so l g e n e ra tio n  and sam pling 
p ro ce ss  r a th e r  th an  th e  p re c is io n  o f  th e  a n a ly t ic a l  procedures 
u sed . With th e  p y ro ly t ic  method th e  a re a  su rround ing  th e  sample 
spo t was cu t away w ith  a  16 mm d ia .  f i l t e r  c u t te r  b e fo re  
tre a tm e n t w ith  a m ethano lic  PDA-bromide s o lu tio n  and subsequent 
p y ro ly s is ;  th e  PDA-bromide s o lu t io n  converted  th e  ammonium s u lf a te  
to  P D A -sulfate. With th e  n i t r a t i o n  m ethod, chrom atography was 
c a r r ie d  o u t as d e sc rib e d  in  th e  p rev io u s  s e c t io n ,  fo llow ing  which 
th e  a re a  su rround ing  th e  sample sp o t was c u t ou t by a 16 mm. d iam eter 
f i l t e r  c u t te r  and an a ly ses  perform ed as  d esc rib ed  e a r l i e r .
For th e  ammonium s u l f a te  in te r f e r e n c e  removal s tu d y  the  
sampled a re a  was t r e a te d  w ith  f iv e  drops o f s a tu ra te d  barium  
a c e ta te  s o lu tio n  in  a  m ethanol ace to n e  m ix ture o f  v a rio u s  compo­
s i t io n s  and allow ed to  dry  b e fo re  a n a ly s is  was c a r r ie d  ou t e i th e r  
by th e  p y ro ly t ic  o r by th e  n i t r a t i o n  method. T r ip l i c a te  samples 
were analyzed in  each c a se . The r e s u l t s  o f th e  s tu d y  w ith  
v a r io u s  so lv e n t com positions a re  shown in  Table IX.
IV. RESULTS
As th e  r e s u l t s  show, th e  s tu d ie s  in d ic a te d  th a t  th e  optimum 
so lv e n t com position  l i e s  somewhere between to  and 10$ m ethanol, 
A cetone-m ethanol m ix tu res  c o n ta in in g  25 and 30$ m ethanol (by volume) 
were th e re fo re  n ex t in v e s t ig a te d  and i t  was ap paren t th a t  a 
75$ ace to n e -25$  m ethanol m ix tu re  was th e  b e s t  cho ice  and such a 
tre a tm e n t v i r t u a l l y  removed a l l  ammonium s u l f a te  as  barium  s u l f a t e .
TABLE IX
AMOUNT OF SULFATE FOUND ON FILTER AFTER TREATMENT WITH A SATURATED 
BARIUM ACETATE SOLUTION IN A METHANOL-ACETONE SOLVENT SYSTEM
GROUP
VOLUME <jo METHANOL 
IN SOLVENT
PYROLYTIC METHOD 
Mean $  SD
NITRATION METHOD 
Mean $  SD
I no trea tm en t 8 .5 1 1 .8 8.9 9-9
2 100 8 .6 1 1 .2 7 .8 13.1
3 80 6 .3 1 0 .8 6 .6 l l . l t
h 60 2 .1 1 2 .lt 1 .8 1 0 .6
5 t o 1.5 8 .6 1 .0 6.5
6 20 0 .5 6 1 1 .1 0.5 lt 12 .1
7 10 2 .9 1 0 .8 3 .1 10 .1
8 0 8 .8 11.7 9 .0 9 .5
9 25 0 .3 0 l i t . 5 0 .1 2 2 0 .1
10 30 0 .59 1 3 .8 0.73 15.6
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V. REMARKS
The above r e s u l ts  s t i l l  d id  no t e s ta b l is h  whether th e  barium  
a c e ta te  s o lu tio n  so ap p lied  to  a f i l t e r  th a t  a lread y  con ta in s 
PD A -sulfate formed through th e  re a c tio n  w ith  s u lfu r ic  acid would 
a t ta c k  th e  PD A -sulfate form ing barium s u l f a te .  A study o f both  
s u l f u r ic  ac id  and ammonium s u lf a te  a e ro so ls  c o lle c te d  on th e  
same f i l t e r  was th e re fo re  n e c e s s i ta te d .  F u rth e r i t  was re a liz e d  
th a t  in  a c tu a l  f ie ld  sampling s i tu a t io n s  i t  would be im p rac tic a l 
to  d i lu te  sample stream s w ith  dry a i r  to  c o n tro l hum idity .
At t h i s  p o in t th e  concept o f c o n tro lle d  h ea tin g  of th e  sample 
stream  fo r  hum idity c o n tro l was conceived.
VI. REMOVAL OF AMMONIUM SULFATE IN THE PRESENCE OF PDA-SULFATE 
Concurrent sampling o f  ammonium s u l f a te  and s u lfu r ic  ac id
a e ro so ls  and c o n tro ll in g  o f  th e  sample stream  a t  th e  same tim e 
proved im possib le  w ithout adding m assive amounts o f  dry n itro g e n  
to  th e  system to  reduce hum id ity . By v i r tu e  o f th e  very n a tu re  
of th e  re sp e c tiv e  g en era tio n  p ro c e sse s , a e ro so l s u lfu r ic  ac id  
generated  by th e  s tac k  g en e ra to r and a e ro so l ammonium s u lf a te  
genera ted  by th e  u l tra s o n ic  g en era to r were both  h ig h ly  humid. 
F u r th e r , th e  a c id  a e ro so l stream  was h o t (> 100°C) and the 
a d d it io n  o f dry n itro g e n  re su lte d  in  a low ering of tem perature 
which would have a c tu a l ly  in creased  th e  r e l a t iv e  hum idity , were 
i t  no t fo r  th e  d i lu t io n  caused by th e  dry n itro g e n .
The id ea  o f sim ultaneous g en era tio n  o f ammonium s u lf a te  and 
s u l f u r ic  ac id  by th e  u l t ra s o n ic  g en era to r was d iscarded  because 
i t  was obvious th a t  th e re  would be no easy way o f  e s ta b lis h in g  th e
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i d e n t i ty  o f th e  a c tu a l  sp ec ie s  g en e ra ted .
The dev ised  method o f  study was th e re fo re  a  compromise, 
in v o lv in g  su c c e ss iv e  sam pling b u t i t  was f e l t  t h a t  i t  d id  n o t 
s ig n i f ic a n t ly  a l t e r  th e  problem a c tu a l ly  encountered  in  f i e ld  
sam pling s i t u a t io n s ,  i . e . ,  th e  problem  o f s p e c ia t in g  ammonium 
s u l f a te  and s u l f u r ic  a c id .  The ac id  a e ro so l was sampled f i r s t  and 
th en  th e  ammonium s u l f a t e  was c o lle c te d  on th e  same f i l t e r .  The 
re v e rse  p ro cess  d id  n o t work because as had been m entioned b e fo re . 
The r e l a t iv e  hum idity  o f  th e  a c id  a e ro so l s tream  was very  
d i f f i c u l t  to  c o n tro l  because o f i t s  r e l a t iv e ly  h igh tem p era tu re .
I f  t h i s  h ig h ly  humid stream  was sampled a f t e r  th e  ammonium s u l f a te  
c o l le c t io n ,  th e  l a t t e r  (a lthough  o r ig in a l ly  c o l le c te d  as a  s o lid  
p a r t ic u la te )  seem ingly began to  r e a c t  w ith  th e  f i l t e r .
The f i l t e r  tap e  sam pler was s e t  up in  such a fa sh io n  th a t  
connections to  th e  u l t r a s o n ic  g e n e ra to r  o r  th e  s ta c k  g en e ra to r 
could be r a p id ly  in te rc h an g ed . The same s e t-u p  as d esc rib ed  in  
th e  f i r s t  s e c t io n  was used to  sample th e  ac id  a e ro s o l .  The 
hum id ity  o f th e  ammonium s u l f a te  a e ro so l s tream  from th e  
u l t r a s o n ic  g e n e ra to r  was c o n tro lle d  d i f f e r e n t ly ,  w ith  f i e ld  
sam pling in  mind. A 9 111111 i .d *  s ta in le s s  s t e e l  tu b in g  20 cm in  
le n g th  was connected between th e  sam pler and th e  a e ro so l g e n e ra to r ,  
th e  p h y s ic a l lo c a t io n  be in g  im m ediately p r io r  to  th e  sam pler,
A h e a tin g  tap e  ( 100W @ 120 v) was wrapped around th e  tu b e  and 
connected  to  a  p o w e rs ta t. By v a ry in g  th e  s e t t i n g  o f  th e  po w ersta t 
th e  h e a tin g  o f th e  sample stream  and th e re fo re  i t s  tem pera tu re  
and r e l a t iv e  hum id ity  could be c o n tro l le d .  E xcessive h e a tin g  was
20?
avoided because such h e a tin g  could  have ad v e rse ly  a f fe c te d
sample stream  com positions and would have p robab ly  caused PDA-bromide
decom position le a d in g  to  in te r f e r e n c e s .
F ive  minute sam ples a t  1 l i te r /m in u te  c o l le c t io n  r a t e  were 
c o l le c te d  and s u b je c te d  to  th e  barium  a c e ta te  trea tm en t and then  
analyzed by the  n i t r a t i o n  method. From th e  d a ta  shown in  Table X 
i t  may be seen th a t  under t h i s  p a r t ic u la r  experim en ta l s e t-u p  and 
a t  th e  c i te d  flow  r a t e ,  a s e t t in g  o f to  on th e  pow ersta t was 
adequate  fo r  th e  co n v ersio n  o f  th e  ammonium s u lf a te  from a liq u id  
to  a s o l id  a e ro so l.
S uccessive sam pling was a ttem p ted . A s e t  of f i f t e e n  band 
impregnated f i l t e r  s t r i p s  was used to  c o l l e c t  10 i^g samples o f 
th e  a c id  a e ro so l (5  m inute c o l le c t io n  t im e , a l l  o th e r  param eters 
were th e  same as  d e sc rib e d  in  s e c tio n  I ) .  S ix  s t r i p s  were removed 
a f t e r  sampling and analyzed  by th e  n i t r a t i o n  method, th re e  a f t e r  
barium  a c e ta te  tre a tm e n t and th re e  w ith o u t tre a tm e n t. As in  the 
case  o f th e  o th e r  sam ples, d ry  n itro g e n  was drawn through  
th e  f i l t e r  fo r  1 m inu te  to  remove any ex cess  m o istu re  from th e  
f i l t e r  and then th e  connection  was sw itched  to  th e  h ea ted  ammonium 
s u l f a te  a e ro so l s tre a m  and sampled fo r  5 m in u tes . The samples 
were s to re d  in  a d e s ic c a to r  p r io r  to  a n a ly s is ,  g e n e ra lly  conducted 
in  a  b a tc h . A n a ly s is  had to  be done w ith in  2 k  hours o f  sam pling, 
lo n g er in te rv a ls  le d  to  e r r a t i c  r e s u l t s .  Three o f th e  samples 
were analyzed by th e  n i t r a t i o n  method w ith o u t fu r th e r  tre a tm e n t, 
and th e  r e s t  were su b jec te d  to  th e  barium  a c e ta te  tre a tm e n t and 
h a l f  o f  th i s  b a tc h  su b jec te d  to  a n a ly s is  by th e  p y ro ly t ic  method
TABLE X
CONTROL OF HEATING PARAMETER TO CONVERT AMMONIUM SULFATE 
FROM A LIQUID TO A SOLID AEROSOL
AMOUNT OF SULFATE FOUND BY THE NITRATION 
POWERSTAT SETTING________________________________ METHOD AFTER BARIUM ACETATE TREATMENT, pg.
0 8 .8
10 9.0
20 8.9
30 2 .6
t o 0 .1
to 0 .1
60 0 .1
100 w att h ea tin g  tape  wrapped around 20 cm x  9 mm i . d .  S. S. tub ing  
Flow r a te  1 l i te r /m in u te
and th e  r e s t  by th e  n i t r a t io n  method. A fu r th e r  s e t  o f  s ix  
samples were used to  c o l le c t  only  ammonium s u lf a te  under th e se  
c o n d itio n s . Three o f th ese  samples were analyzed a f t e r  th e  barium  
a c e ta te  trea tm en t and th e  o th e r th re e  w ithout tre a tm e n t, both 
by th e  n i t r a t io n  method. The r e s u l t s  a re  rep o rted  in  Table XI.
V II. REMARKS
1. Barium a c e ta te  was chosen over o th e r  barium s a l t s  because o f 
i t s  high s o lu b i l i ty  in  a lc o h o lic  so lv e n ts . I t  i s  p o ss ib le  th a t  a 
more e x o tic  compound such as barium  io d id e  would have been b e t t e r .  
The success o f th e  in te r fe re n c e  removal p ro cedure , however, leaves 
l i t t l e  to  be d e s ire d  in  th is  re g a rd .
2 . Some degree o f ca re  i s  necessary  in  apply ing  th e  barium 
a c e ta te  s o lu t io n , e s p e c ia lly  when using  the  n i t r a t i o n  method. 
Excessive sp read ing  towards th e  bottom  of th e  s t r i p  r e s u l t s  in  
PDA-bromide leach in g  to  th is  reg io n  which subsequently  contam inates 
th e  so lv en t du rin g  chromatography and thus se p a ra tio n  becomes 
Im possib le.
3 . S t r i c t ly  speak ing , adjustm ent o f the  h e a tin g  param eter has 
been done on an a r b i t r a r y  b a s is ,  th e o r e t ic a l ly  a  sample stream  
a t  20°C and 100$ r e l a t iv e  hum idity  (R .H .) can be reduced to  80$
R.H. by h ea tin g  i t  to  only 2^°C. E q u i l ib r ia t io n  however, i s  a 
slow process and such c a lc u la tio n s  a re  no t very  m eaningful fo r  
ach iev ing  l iq u id  to  s o lid  a e ro so l conversion a t  r e a l i s t i c  flow 
r a t e s .  Because such conversion  p rocesses norm ally e x h ib it  a 
h y s te re s is  p a t t e r n , 9 6  th e  R.H. must be s u b s ta n t ia l ly  lower than  
th e  c r i t i c a l  deliquescence  p o in t .  A R.H. o f ¥>$ w ithou t a doubt
TABLE XI
STUDY OF THE AMMONIUM SULFATE INTERFERENCE REMOVAL METHOD IN THE PRESENCE
OF COLLECTED AEROSOL SULFURIC ACID
GROUP DESCRIPTION
BARIUM ACETATE 
TREATMENT
ANALYSIS
METHOD
RESULT 
Mean, [ig 96 SD
1 HaS0 4 a lone Yes N itra tio n 9 .8
2 HeS0 4 alone No N itra tio n 10 .1 k .2
5 HsS04 + (NH4 )aS04 Yes N itra tio n I0 .3 6 .2
h HgS04 + (NH4 )aS04 Yes P y ro ly tic .1 0 .8 9 .8
5 h £so 4 + (NH4 ) aS04 No N itra tio n 19.1 9-9
6 (NH4 ) 2S0 4 alone No N itra tio n 8 .8 8.9
7 (NH4)sS04 Yes N itra tio n 0 . I 5 2 0 .1
prov ides a s u f f ic ie n t  m argin of s a fe ty  in  the case o f  ammonium 
s u l f a te  which has a c r i t i c a l  d eliquescence p o in t o f 81$. For an 
i n l e t  stream  w ith  a given m oistu re  co n ten t a t  a given tem perature 
th e  R.H. o f th e  e x i t  stream  a f t e r  h e a tin g  can e a s i ly  be c a lc u la te d  
by m onitoring th e  tem perature o f th e  e x i t  stream . In  th e  p a r t ic u la r  
s e t-u p  used fo r  th is  s tu d y , tem perature/R .H . m onitoring of th e  
stream  im m ediately a f t e r  th e  h e a tin g  tube may not have led  to
u sab le  r e s u l t s  s in ce  th e  stream  s t i l l  had to  t r a v e l  a t  le a s t  20 cm
b efo re  reach ing  th e  f i l t e r  and some coo ling  must tak e  p lace  in  
th e  p rocess and thus in c re a se  th e  R.H ..
4 . For a c tu a l  f ie ld  sam pling, m onitoring  o f th e  stream  tem perature
im m ediately fo llow ing  th e  f i l t e r  w i l l  probably be th e  b e s t 
arrangem ent. A fte r  an i n i t i a l  measurement o f ambient tem perature 
and R .H ., a  quick c a lc u la t io n  can be made to  a s c e r ta in  tem perature  
to  which th e  sample stream  must be h ea ted  ( i f  necessary ) to  
reduce th e  R.H. to  J|0$. The tem perature  o f th e  f i l t e r e d  stream  
can th en  be m onitored by a th e rm is to r , p a r t  o f a feedback 
c i r c u i t r y  th a t  c o n tro ls  th e  v o ltag e  ap p lied  to  th e  h ea tin g  elem ents 
(b a s ic a l ly  th e  same c i r c u i t r y  used fo r  a co n stan t tem perature 
b a th ) ,  w ith  p ro v is io n s  fo r  sp ec ify in g  th e  d es ired  tem pera tu re .
5 . The r e s u l t s  rep o rted  in  th is  ch ap te r c le a r ly  e s ta b l is h  th a t  
th e  p re sc rib ed  method fo r  removing ammonium s u lf a te  in te r fe re n c e  
in  th e  s p e c if ic  d e te rm in a tio n  of s u lf u r ic  ac id  can be su c c e ss fu lly  
app lied  in  th e  case  o f su cc e ss iv e ly  c o lle c te d  samples o f th e
two sp ecies  on th e  same f i l t e r .  L o g ic a lly , and w ith  the  p re sen t 
s ta tu s  o f s c ie n t i f i c  knowledge, th e re  i s  no reason  to  b e lie v e  th a t
t h i s  method w i l l  n o t work in  a c tu a l  sam pling s i tu a t io n s .
D if fe re n t  and more s o p h is t ic a te d  h e a tin g  arran g em en ts , however, 
w i l l  p robab ly  be n ecessa ry  f o r  h ig h  volume sam pling because a t  
such h ig h  flow  r a t e s  a tta in m en t o f  e q u ilib riu m  through p roper 
h e a t d i s t r ib u t io n  in  a tu rb u le n t  s tream  a re  l ik e ly  to  be 
more d i f f i c u l t .
6 . In  a l l  cases  when sam pling was conducted from th e  s tac k  
g e n e ra to r ,  a  s l i g h t l y  re d d ish  d is c o lo ra t io n  o f th e  f i l t e r  was 
observed . The c o lo red  compound was removed along w ith  PDA-bromide 
du ring  chrom atography and d id  n o t cause any in te r f e r e n c e .  The 
p o s s ib le  s ig n if ic a n c e  o f  t h i s  o b se rv a tio n  w i l l  be d iscu ssed  in  
th e  d isc u ss io n s  s e c t io n .
CHAPTER X
EXTENSION TO THE RING OVEN,DETERMINATION OF 
SULFATE AT NANOGRAM LEVELS
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The r in g  oven is  a sim ple inexpensive device designed 
s p e c i f ic a l ly  fo r  m ic ro a n a ly s is . A d e ta i le d  d e s c r ip tio n  of the  
apparatus and techniques a re  a v a ila b le  in  the  monograph by Weisz523 
and i t s  a p p lic a tio n s  to  a i r  p o llu tio n  s tu d ie s  have been e loquen tly  
p resen ted  by W est.5Sa
The r in g  oven technique i s  extrem ely s e n s i t iv e  bu t 
ac cu ra te  q u a n ti ta t io n  re q u ire s  some s k i l l .  Q u a n tita tio n  of unknown 
samples i s  g e n e ra lly  c a r r ie d  ou t by v isu a l  comparison w ith  standard  
r in g s .  The procedure d escribed  here  was based on the  n i t r a t io n  
method o u tlin e d  in  C hapter V III . The d e te c tio n  l im it  on th e  
r in g  oven by th is  method i s  5 nS s u l f a te ,  and the  working range 
was from 20 ng to  1 p,g. There a r e ,  a t  b e s t ,  only two rep o rted  
methods th a t  can claim  s e n s i t i v i t i e s  of th ese  o rd e rs . The f i r s t  
one was a r in g  oven method a lso  and i s  based on the  barlum -rhodizonate 
re a c tio n  and th e re fo re  was su b jec t to  a l l  the  e r ro rs  and in te r f e r ­
ences involved w ith  th e  p r e c ip i ta t io n  of barium s u l f a te .  The 
second employs th e  flam e photom etric d e te c to r  and re q u ire s  
expensive in s tru m en ta tio n . The method rep o rted  h e re in  i s  not 
in tended to  be ' j u s t  ano ther method' th a t  i s  s e n s i t iv e ,  but a method 
th a t  combines s e n s i t iv i ty  and s p e c i f i c i ty ,  i s  f re e  from in te r f e r ­
ences by common c a tio n s  and from v i r tu a l ly  a l l  im portan t anions 
p re se n t in  r e a l i s t i c  c o n c e n tra tio n , except o x a la te .
I .  P rocedure: To su c c e ss fu lly  apply the  r in g  oven technique to
determ ine s u lf a te  a t  t r a c e  le v e ls ,  p re -c le an in g  o f th e  g la ss  f ib e r  
f i l t e r s  was a b so lu te ly  n ecessary . According to  th e  m an u fac tu re r 's  
s p e c i f ic a t io n s ,  the  g la ss  f i l b e r  f i l t e r s  used in  th i s  study (Gelman
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sp ectro g rad e-A ) c o n ta in  s u b s ta n t ia l  amounts o f  s u l f a t e .  The 
m a n u fa c tu re r 's  s p e c if ic a t io n s  g u aran tee  no more th an  2 pg 
su lfa te /c m 2 o f f i l t e r .  In  a c tu a l  p r a c t ic e  th e  ba tch es  o f f i l t e r s  
used du ring  th e  cou rse  o f th i s  work were found to  co n ta in  sub­
s t a n t i a l l y  sm a lle r  am ounts, somewhere between 50 and 200 ng 
s u lfa te /c m 2 of f i l t e r  as measured by th e  n i t r a t i o n  method. The 
d a ta  re p o rte d  in  C hapters V III  and IX were a lso  o b ta ined  using  
p re -c le an e d  f i l t e r s  when working a t  o r  below th e  1 ng le v e l .
A ll  o th e r  d a ta  were ob ta ined  w ithou t p re -c le a n in g . At the  le v e ls  
o f d e te rm in a tio n  p o s s ib le  and p r a c t i c a l  by th e  r in g  oven, 
th e  b lan k  va lu es  o b ta in ed  d i r e c t ly  from th e  g la ss  f ib e r  f i l t e r s  
w ithout p re -c le a n in g  were f a r  too  h ig h  to  perm it m eaningful 
m easurem ents.
To p re -c le a n , 102 tnm diam eter g la s s  f i l b e r  f i l t e r s  were c u t 
in  h a l f  and tw enty such p ieces  were cleaned  a t  one tim e by 
immersing them in  i)00 ml o f a  m ix tu re  o f  50$ e th a n o l and 20$ HCl
and 30 $ w ater and b o i l in g  fo r  h hours a t  low h e a t .  The s o lu tio n
was th en  d ecan ted , washed th r ic e  w ith  50 p o r tio n s  o f e th an o l
and f in a l l y  tw ice  w ith  50 p o r tio n s  o f acetone and then  d rie d
in  an oven a t  80°C.
S tr ip s  o f th e  same dim ension as  d escrib ed  in  Chapter V II were 
then  c u t o u t w ith  a  f re s h ly  unwrapped s u rg ic a l  s c a lp e l  b la d e .
The am ount o f  c l e a n l i n e s s  and c a r e  n e c e s s a ry  to  c o n d u c t a n a l y s i s  
a t  t h i s  l e v e l  c a n n o t b e  o v e re m p h a s iz e d ; e s p e c i a l l y  s in c e  
m e a su ra b le  am ounts o f  p a r t i c u l a t e  s u l f a t e  a r e  p r e s e n t  i n  th e
2X2
la b o ra to ry  a i r .*
To p rep are  s tan d a rd  r in g s ,  10 p,l o f sample volum e, rang ing  
In  co n c e n tra tio n  from 0 .5  ppm to  100 ppm were pu t on f i l t e r  
s t r i p s  by th e  techn ique  d iscu ssed  in  C hapter V III . Two drops o f  
Vjo m ethanolic  PDA-bromide s o lu t io n  was used to  p rem oisten  the 
s p o tt in g  reg io n  and two f u r th e r  drops were added a t  th e  end o f 
th e  sample in j e c t io n .  The f i l t e r  s t r i p  was allow ed to  dry 
com pletely  b e fo re  chrom atography and then  chrom atographed fo r  
I 5 m inu tes, d r ie d  and th e  a re a  su rround ing  th e  sample spot was 
c u t away w ith  a  16 mm d iam eter f i l t e r  c u t t e r .  The f i l t e r  was 
th en  l ig h t ly  m oistened w ith  m ethanol and exposed to  n i t r i c  ac id  
vapors fo r  two m in u tes , using  a  p a i r  o f  p l a s t i c  fo rcep s  to  
ho ld  i t  j u s t  a t  th e  edge. I t  was then  exposed to  ammonia vapor 
f o r  one m inute and p laced  on a Whatman No. 1|1 f i l t e r  paper 
p re p o s itio n e d  on th e  h e a tin g  b lo ck  o f a r in g  oven and held  in  p lac e  
by a r e ta in in g  r in g .  (Because o f  i t s  h ig h ly  f ib ro u s  and non-uniform  
c o n s t i tu t io n  r in g  oven work cannot be c a r r ie d  ou t d i r e c t ly  on 
g la s s  f ib e r  s u b s t r a te  and d i r e c t  im pregnation  o f  PDA-bromide 
on f i l t e r  paper cannot be c a r r ie d  ou t because th e  l a t e r  r e ta in s  
PDA-bromide too te n a c io u s ly  to  be e lu te d  by a reaso n ab le  volume 
o f any s o lv e n t .)  The maximum a p e r tu re  o f  the  r in g  oven was u sed ,
*1000 1. samples o f la b o ra to ry  a i r  sampled during  August 1977 
(when a co n cu rren t s i tu a t io n  o f  h igh  hum idity  p re v a ile d  in  th e  
b u ild in g )  showed s u l f a te  lo ad in g  o f th e  a i r  in  t h i s  b u ild in g  to  be 
as h igh  as 12 ug/m3 . I t  i s  p o s s ib le  th a t  p a r t  o f  t h i s  r e s u l te d  
from th e  ev ap o ra tio n  of w ater from th e  a i r  c o n d itio n in g  duct 
d r ip p in g s  -  th e se  con ta in ed  abou t 10 ppm s u l f a t e . )
w ith  th e  p a r t i c u la r  r in g  oven u sed , th i s  opening was 33 iran in  
d ia m e te r . The sm all f i l t e r  was cen te red  on th e  r in g  oven as b e s t  
as p o s s ib le .  The h e a tin g  b lo ck  tem pera tu re  was m ain tained  a t  
~  100°C. The co lo red  m a te r ia l  on th e  f i l t e r  was e lu te d  to  the  
r in g  zone w ith  s ix  su c ce ss iv e  25 P>1 a l iq u o ts  o f a c e to n e , w a itin g  
between each a d d it io n  to  l e t  th e  so lv e n t ev a p o ra te .
I I .  I n te r f e re n c e s : At th e  10 ppm s u l f a te  l e v e l ,  no s ig n i f i c a n t  
change in  c o lo r  in te n s i ty  from s tan d a rd  was observed from 100 ppm 
ca lc iu m , magnesium, iro n  ( i l l ) ,  i ro n  ( i l ) , b ic a rb o n a te , n i t r a t e ,  
a c e ta te ,  fo rm ate , c h lo r id e ,  b ro m id e ,f lu o r id e ,a n d  io d id e  ions 
concom m itantly added to  th e  s u l f a te  s o lu t io n .  Phosphate d id  not 
i n t e r f e r e  below 10 ppm; between 10 and 50 ppm th e  in te r f e re n c e  
was m inor and e r r a t i c  b u t a t  th e  100 ppm le v e l  sev ere  in te r f e r e n c e  
was observed . O xala te  In te r f e re d  a t  a l l  le v e ls  s tu d ie d , a l l  the  
way down to  5 ppm. Of c o u rse , high le v e ls  o f o x a la te  a re  no t 
l ik e ly  to  be o f common o ccu rren ce .
I I I .  R e s u l t s  o f  A n a ly se s  o f  A c tu a l  Sam ples
The samples analyzed  by th e  sp ec tro p h o to m etric  method 
in  C hapter V III were su b jec te d  to  study by th e  r in g  oven method. 
Only 2 p,l sample a l iq u o ts  were u sed , to  t e s t  how w e ll c o r re la t io n s  
could be made w ith  th e  very  sm all amounts o f s u l f a te  pu t on the  
f i l t e r .  In  every case  i t  was p o s s ib le  to  judge th e  s u l f a te  
c o n c e n tra tio n  of th e  sample w ith in  +  30$ o f th e  v a lu e  o b ta in ed  
by th e  sp ec tro p h o to m etric  method. With a more e la b o ra te  s e t  o f 
s tan d a rd  r in g s  and a low power comparison m icroscope, p o ss ib ly  
even more a c c u ra te  judgem ents could be made.
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CHAPTER XI 
NITRO SUBSTITUTED 2-AMINO PERU-1 IDINES 
SYNTHESIS, SEPARATION, STRUCTURES AND SOME PROPERTIES
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I .  SYNTHESIS
S ince PDA-bromide and PD A -sulfate ap p a ren tly  produced 
the same In te n se  co lo r upon trea tm en t w ith  co n cen tra ted  n i t r i c  
a c id , i t  was thought th a t  th e  same compound was be in g  produced 
in  both  c a s e s . Because PDA-bromide was more r e a d i ly  a v a i la b le ,  
i t  was used to  p repare  m illig ram  q u a n t i t ie s  of th e  compound of 
in te r e s t  so as to  e s ta b l i s h  i t s  i d e n t i t y .  E a r l i e r ,  th in  la y e r  
chrom atography (TLC) on p re -co a ted  p la t e s  was c a r r ie d  ou t on th e  
m a te r ia l formed on the  g la s s  f ib e r  f i l t e r s  (by removal of the  
l a t t e r  by leach in g  w ith a c e to n e , c o n c e n tra tin g  by ev ap o ra tio n  
and s p o tt in g  on th e  TLC p la te )  through development w ith  1:1 
cy c lo h ex an e :e th y l a c e ta te .  Only one sp o t was v i s ib l e  and th e r e ­
fo re ,  i t  was concluded th a t  the r e a c t io n  product o f  PD A -sulfate 
and c o n cen tra ted  n i t r i c  a c id  on the  f i l t e r  medium in  th e  tra c e  
q u a n t i t ie s  involved was a  s in g le  pure  s p e c ie s .  There was no 
reason  to  b e lie v e  th a t  PDA-bromide under the same c o n d itio n  would 
give r i s e  to  any o th e r p ro d u c t.
R e a c t in g  gram q u a n t i t i e s  o f  s o l i d  PDA-bromide w ith  co n ce n ­
t r a t e d  n i t r i c  a c id  p ro d u c e d  a  d a rk  b row n s o lu t i o n  w h ich  on 
d i l u t i o n  w i th  w a te r  y i e ld e d  a f l o c c u l e n t  p r e c i p i t a t e .  The c o l o r  
o f  th e  p r e c i p i t a t e  v a r i e d  w i th in  d i f f e r e n t  sh ad es  o f  o ra n g e  i n  
d i f f e r e n t  s y n th e t i c  b a tc h e s  and a l s o  e le m e n ta l  a n a l y s i s  o f  th e  
p ro d u c t ( a f t e r  f i l t r a t i o n ,  th o ro u g h  w ash in g  w ith  w a te r  and d r y in g )  
y ie ld e d  w id e ly  d i f f e r e n t  e le m e n ta l  c o m p o s i t io n s .  I t  was o b v io u s  
th a t  a  num ber o f  com pounds w ere b e in g  form ed u n d e r  th e s e  c o n d i t i o n s , 
th e  r a t i o  o f  th e  d i f f e r e n t  com ponents a p p a r e n t ly  v a ry in g  from
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batch to batch.
T h in  l a y e r  ch ro m a to g rap h y  o n  th e  p ro d u c ts  from  d i f f e r e n t  
b a tc h e s  c o n firm e d  t h i s  c o n c lu s io n .  I n  one p a r t i c u l a r  c a s e  as 
many a s  t e n  d i f f e r e n t  com ponents c o u ld  b e  d i s c e r n e d .  V i r tu a l ly  
a l l  o f  th e  c o lo r  i n t e n s i t y  w a s , how ev er, c o n c e n t r a te d  i n  f i v e  
s p o t s , a p p a r e n t ly  i n d i c a t i n g  f i v e  p r i n c i p a l  p ro d u c ts  o f  th e  
r e a c t i o n .
In  an e f f o r t  to  s im u la te  th e  re a c tio n  c o n d itio n s  on the 
f i l t e r  a s o lu tio n  o f m 1 g, PDA-bromide in  100 ml w ater was 
t r e a te d  w ith  100 ml co n cen tra ted  n i t r i c  a c id .  White PD A -nltrate 
p r e c ip i ta te d  im m ediately and slow ly  s ta r te d  tu rn in g  yellow  
through an in te rm e d ia te  green  c o lo r .  The r e a c t io n  was proceeding 
very  slow ly and i t  was th e re fo re  allowed to  rem ain o v e rn ig h t.
The next morning i t  was observed th a t  the  m ix tu re  had produced 
a brown p r e c ip i ta te  and a g reen  su p e rn a tan t l i q u id .  N e ith e r th e  
l iq u id  nor th e  p r e c ip i ta te  e x h ib ite d  the  same a b so rp tio n  maxima 
as th e  compound o f i n t e r e s t  and they were th e re fo re  d isca rd ed .
The nex t a ttem pt a t  sy n th e s is  was more d r a s t i c .  One gram 
PDA-bromide was re f lu x e d  fo r  two hours w ith  100 ml 2 :1  n i t r i c  a c id  
under reduced p re s s u re  and low h e a t .  The r e s u l t in g  brown s o lu tio n  
was d i lu te d  w ith w ater whence a  b r ig h t  yellow -orange m a te r ia l 
sep a ra ted  as a f lo c c u le n t  p r e c ip i t a t e .  The m ix tu re  was n e u tra l iz e d  
w ith  sodium b ica rb o n a te  to  ^  pH 5 and f i l t e r e d .  The p r e c ip i ta te  
was washed s e v e ra l tim es w ith  w ate r u n t i l  th e  f i t r a t e  was f re e  
from n i t r a t e .  Thin la y e r  chrom atography o f t h i s  m a te r ia l  y ie ld ed  
only 3 p r in c ip a l  s p o ts , and th e  u l t r a v io l e t  spectrum  o f th e  g ross
p ro d u c t  in  a c i d i c  and b a s ic  s o lu t i o n s  had  a b s o r p t io n  maxima 
c l o s e  to  t h e  compound o f  i n t e r e s t .  T h e r e f o r e ,  i t  was d e c id e d  to  
s e p a r a t e  th e  m ix tu re  i n t o  i t s  i n d i v id u a l  co m p o n en ts . A tte m p ts  
t o  s e p a r a t e  by f r a c t i o n a l  c r y s t a l l i z a t i o n  f a i l e d .  A tte m p ts  t o  
s e p a r a t e  by t h i c k  la y e r  ch ro m a to g rap h y  was abandoned  b e c a u se  o f  
p o o r  s e p a r a t io n  o f  ban d s e v e n  upon r e p e a te d  d ev e lo p m en t w ith  
v a r io u s  s o l v e n t s .  H igh p r e s s u r e  l i q u i d  ch ro m a to g rap h y  w ould h av e  
p ro b a b ly  b e e n  t h e  c h o ic e  m ethod to  s e p a r a t e  th e  m a t e r i a l  b u t  
a v a i l a b l e  f a c i l i t i e s  d id  n o t  p e rm it such  a n  a p p ro a c h . A n o th e r  
p ro b lem  was t h a t  th e  m a t e r i a l  th u s  o b ta in e d  e x h i b i t e d  v e ry  l i t t l e  
s o l u b i l i t y  and t h e r e f o r e  t o  s e p a r a t e  any s i g n i f i c a n t  q u a n t i t y ,  a  
s u b s t a n t i a l  am ount o f  s o l u t i o n  needed  to  b e  u s e d .  F u r th e r ,  th e  
m a t e r i a l  was so i n t e n s e ly  c o lo r e d  t h a t  i t  was d i f f i c u l t  t o  ju d g e  
i t s  s o l u b i l i t y  i n  d i f f e r e n t  s o l v e n t s .  Even v e r y  sm a ll am ounts 
d i s s o lv e d  p ro d u c e d  such  d a rk  s o l u t i o n s  t h a t  i t  was im p o ss ib le  
to  ju d g e  how much o f  i t  was l e f t  u n d is s o lv e d .  I t  was c l e a r  h ow ever, 
t h a t  th e  m a t e r i a l  was m ore s o lu b le  i n  p o l a r  th a n  i n  n o n -p o la r  
s o l v e n t s , a l th o u g h  e th a n o l  and m e th an o l w ere  n o t  p a r t i c u l a r l y  good 
f o r  th e  p u rp o s e .  A c e to n e , d im e th y l s u l f o x id e ,  and  a c e t o n i t r i l e  
w ere found  t o  be  th e  b e s t  among th o s e  t e s t e d ,  and s in c e  n o t  a  
g r e a t  d e a l  o f  d i f f e r e n c e  was n o te d  among th e s e  t h r e e ,  a c e to n e  
s o lu t i o n s  w ere  u se d  f o r  com ponent s e p a r a t i o n  p u rp o s e s .  I n  r e g a rd
t o  s o l u b i l i t y  i t  i s  i n t e r e s t i n g  to  n o te  t h a t  a l th o u g h  th e  p ro d u c t
s o l u b i l i t y  i n  w a te r  was p o o r ,  th e  s o l u b i l i t y  i n  s t r o n g  a c id  was
f a i r  and i n  s t r o n g  b a s e  a lm o s t a s  good a s  i n  a c e to n e .
Component s e p a r a t i o n  was a c h ie v e d  f i n a l l y  by  colum n
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chrom atography on a  75 cm long 4 cm d iam e te r column, packed w ith 
s i l i c a  g e l -  6 0 ; (200  mesh) w ith  a 500 ml so lv en t r e s e r v o i r  on to p . 
E a r l ie r  a tte m p ts  to  s e p a ra te  s u c c e s s fu lly  on a sm a lle r  len g th  
column f a i l e d ,  as  d id  th e  t r i a l  o f  a c t iv a te d  alum ina as a  s u b s t r a te .  
The l a t t e r  r e ta in e d  th e  m a te r ia l  so te n a c io u s ly  th a t  h a rd ly  any 
movement was observed by e lu t io n  w ith any o f  the  common so lv e n ts .
About 0 .5  g o f th e  p ro d u c t was d is so lv e d  in  30 m l. warm 
acetone ( s a tu ra te d  s o lu t io n )  and in je c te d  a t  the  top o f  th e  
s i l i c a - g e l  column and th en  e lu te d  w ith  a m ix tu re  o f 1 :2  cyclo - 
hexane: E th y la c e ta te  a t  th e  r a t e  o f abou t 1 m l/m in. As co lo red
m a te r ia l  began to  e lu te ,  25  m l. a l iq u o ts  were c o l le c te d  and each 
p o r tio n  was analyzed by th in  la y e r  chrom atography and acco rd in g ly  
m ixed. Three main f r a c t io n s  were o b ta in e d ; each one co n ta in in g  
one p r in c ip a l  component and im p u r i t ie s .  The f i r s t  e lu te d  f r a c t io n  
was ev ap o ra ted , re d isso lv e d  in  acetone and sep ara ted  from 
im p u ritie s  by th ic k  la y e r  chromatography and r e c r y s ta l l i z e d  from 
955& e th a n o l. Only about 10 mg o f  th e  compound (A) was o b ta in ed .
The second f r a c t io n  e lu te d  was e v ap o ra ted , re d is s o lv e d  in  
ace to n e , and p u r if ie d  by column chrom atographing a second tim e.
The e lu e n t was evaporated  and r e c ry s ta l iz e d  from 95$ e th a n o l.
About I 5O mg o f th i s  compound (b) was o b ta in ed . The th i r d  f r a c t io n  
was a lso  p u r i f ie d  by column chromatography and r e c r y s ta l l iz e d  
from e th a n o l.  The y ie ld  o f th i s  compound ( c )  was abou t JOO mg.
I I .  STRUCTURAL ANALYSIS
Since amines o f th e  perim id lne  fam ily  a re  in  g e n e ra l q u ite  
s u sc e p tib le  to  o x id a tio n  (PDA as a f r e e  base  i s  r a p id ly  ox id ized
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by a i r )  i t  was tak en  f o r  g ran ted  th a t  FDA has undergone some 
form of o x id a t io n , p o ss ib ly  p roducing  a ca rb o x y lic  ac id  o r  a  con­
ju g a ted  n i t r o  ca rb o x y lic  acid and hence th e  c o lo r .  This h y p o th es is  
was re in fo rc e d  by fo rm atio n  of s im ila r  co lo red  p roducts  by re a c tio n s  
w ith  o th e r  o x id iz in g  agen ts  such as c h lo r in e  w a te r , e t c .  ( c f . ,  
C hapter V II) and th e  f a c t  th a t  a l l  o f th e se  compounds were f a i r l y  
so lu b le  in  s tro n g  base  and behaved as pH in d ic a to r s .
Q u a li ta t iv e  e lem en ta l a n a ly s is  e s ta b lis h e d  th e  p resence  o f 
n itro g e n  in  a l l  th e  th re e  compounds. No bromine was d e te c te d  in  
any o f th e  compounds a t  f i r s t ,  an e r r o r  th a t  r e s u l te d  in  much 
lo s t  tim e . Cyanide was formed du rin g  th e  sodium fu s io n  t e s t  in  
th e  p resen ce  o f n i tro g e n  and re q u ire d  removal by b o il in g  w ith  
n i t r i c  a c id  b e fo re  t e s t s  fo r  ha logens could  be c a r r ie d  o u t .  Bromine 
was l a t e r  d e te c te d  in  compounds A and B. The reason  th a t  i t  was 
m issed th e  f i r s t  tim e was p robab ly  because th e  bromine was 
d riv e n  o f f  from th e  t e s t  s o lu t io n  as n i t r o s y l  bromide d u ring  
b o il in g  w ith  n i t r i c  a c id .
On b o i l i n g  w ith  z in c  d u s t  and  ammonium c h l o r i d e  i n  a l c o h o l i c  
s o l u t i o n  a l l  t h e  t h r e e  compounds w ere  f i r s t  b le a c h e d  to  a  p a le  
y e llo w  c o l o r ,  th e n  r a p i d l y  tu r n e d  d a rk  p u r p le  by a i r  o x id a t io n .
An a l iq u o t  o f  th e  f r e s h ly  reduced s o lu t io n  was f i l t e r e d  in to  
ammoniacal s i l v e r  n i t r a t e ,  and s i l v e r  was p r e c ip i ta te d  in d ic a t in g  
th e  p resen ce  o f  -N02  g roups. None o f th e  th re e  compounds formed 
a b lu e  o r green  c o lo r  w ith  diphenylam ine in  s u l f u r ic  a c id  
in d ic a t in g  absence o f  -  ON02 , - 0N0, =NN02 » =NNO and p o s s ib ly  -  NO. 
The p u rp le  s o lu tio n s  r e fe r r e d  to  above produced a b lu e  c o lo ra t io n
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w ith  diphenylam ine reag en t thus f u r th e r  confirm ing  th e  p resence 
o f  n i t r o  groups in  th e  compounds. Zinc d u s t and ammonium 
c h lo r id e  in  e th a n o l reduces n i t r o  compounds to  hydroxylam ines 
which in  tu rn  a re  a i r  o x id ized  to  n i t r o s o  compounds,
-  N02  Z n / ™ £ 1 —  -NH0H — A--r  ■ -> -  NO
EtOH
N itro so  compounds, u n lik e  n i t r o  compounds, o x id iz e  d ip h en y l- 
amine.
In fra re d  spectroscopy  f u r th e r  s u b s ta n tia te d  th e  p resence 
o f  n i t r o  g roups; th e  s tro n g e s t  a b so rp tio n  band in  a l l  th e  th re e  
compounds was observed around 1600 cm- 1 . In  a d d it io n  an a b so rp tio n  
band a t  98O cm- 1  was p re se n t in  compounds A and B and was a t t r ib u te d  
to  arom atic carbon-brom ine s t r e t c h .  A re p re s e n ta t iv e  spectrum , 
th a t  o f compound C i s  shown in  F ig u re  10. S trong  broad band 
ab so rp tio n  was p re se n t in  a l l  th e  th re e  compounds around 35OO cm- 1 , 
b u t s in c e  o c c lu s io n  o f m o istu re  in  po tassium  brom ide p e l l e t s  
was u n av o id ab le , no p o s i t iv e  co n c lu sio n s  could be made re g a rd in g  
th e  p resence o f  -  OH a n d /o r >  NH groups. No >  C=0 s t r e tc h
was p re se n t and thus th e  p o s s ib i l i t y  o f th e  compounds being  carboxy­
l i c  ac id s  was ru le d  o u t .
Mass s p e c tra  d e f in i te ly  e s ta b lis h e d  th e  p resen ce  o f one 
bromine atom each in  compounds A and B, in  each case  y ie ld in g  two
p a re n t peaks a t  mass numbers 396  and 398  ° f  equal in te n s i ty .
Two p a ren t peaks sep a ra te d  by one mass u n i t  and o f  equal in te n s i ty  
i s  a c h a r a c te r i s t i c  o f compounds co n ta in in g  one bromine atom s in c e  
th e  abundance r a t io  o f th e  two bromine Iso to p es  79 an^ 81 i s
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almost u n i ty .  In c o n tr a s t ,  no bromine was p re se n t in  compound C 
and the  p a ren t mass number was 3 63 . (F igu re  11)
With th e  help  o f e lem ental a n a ly s is  d a ta  and th e  m olecular 
weight from mass sp e c tra  (su b s ta n tia te d  by osom etric m olecular 
weight measurements) th e  fo llow ing  m olecular form ulas were 
e s ta b lis h e d .
A and B: C1;iH5H60QBr
C: C12H5N7OQ
A and B th e re fo re  appeared to  be a  p a ir  o f s t r u c tu r a l  Isom ers. 
From the  number o f carbon and n itro g e n  atoms i t  was suspected  th a t  
a c tu a lly  no o x id a tio n  had taken  p lace  and th e  whole PDA nucleus 
was com pletely i n t a c t .  P ro ton  m agnetic resonance (PMR) sp e c tra  
( F igu re  12) showed only  a s in g le  peak a t  0 .6 8 t fo r  compound C 
and th e  sp e c tra  o f compounds A and B were v i r tu a l ly  id e n t ic a l ,  
each y ie ld in g  two se p a ra te  s in g le ts  a t  ~ 0 .7 9 t  and ^ 0 . 98 -r.
In  a l l  cases s ig n a ls  due to  th e  pro tons on th e  n itro g e n  
atoms were a lso  p re se n t (1 .07  -  1*27 t ). This resonance was very 
broad due to  in te ra c t io n  w ith th e  so lv en t and could be re a d ily  
id e n t i f ie d  s ince  an id e n t ic a l  resonance was ex h ib ited  by th e  
p ro tons on the n itro g e n  atoms in  PDA-bromide. A ll  evidence 
th e re fo re  in d ica ted  compound C to  be 2-amino lf,6 ,7 > 9 't e t r a n i t r o “ 
perim id ine (S tru c tu re  I ,  F igure  I 3 ) .
I t  must be re a l iz e d  th a t  in  PDA the  doubly bonded and th e  
s in g ly  bonded r in g  n itro g en s  can e a s i ly  change t h e i r  id e n t i t i e s  
through an acid  ca ta ly zed  pro ton  s h i f t .  At o rd in a ry  tem p era tu res ,
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t h i s  exchange I s  e x p e c te d  to  b e  r e l a t i v e l y  f a s t ,  su ch  t h a t  no 
d i f f e r e n t i a t i o n  b e tw e e n  th e  two fo rm s  in  a r in g  s u b s t i t u t e d  
P D A -d e r iv a tiv e  i s  e x p e c te d  to  b e  d i s c e r n i b l e  b y  n u c l e a r  m a g n e tic  
re s o n a n c e  s p e c t r o s c o p y .  Even i f  t h i s  in te r c h a n g e  c o u ld  be  made 
s lo w e r  by lo w e r in g  th e  te m p e ra tu re  (d e c re a se d  sam p le  s o l u b i l i t y  
r u l e d  o u t e x p e r im e n ta t io n ) , i t  i s  d o u b tfu l  t h a t  t h e r e  w ould h av e  
b e e n  a  s i g n i f i c a n t  d i f f e r e n c e  i n  c h e m ic a l s h i f t s  o f  th e  p r o to n  
p a i r s  a t  p o s i t i o n s  h and 9> 5 an(l  8 ,  and 6 and 7  r e s p e c t i v e l y .
I n  o th e r  w o rd s , f o r  a l l  p r a c t i c a l  p u rp o se s  th e  s u b s t i t u t i o n  s i t e s  
h,  5 and 6 a r e  c h e m ic a l ly  i d e n t i c a l  to  th o s e  a t  7> 8 and 9 
r e s p e c t i v e l y .  From  a  m e c h a n is t ic  v ie w p o in t ,  t h e  e l e c t r o m e r ic  
e f f e c t s  o f  th e  r i n g  n i t r o g e n s  an d  t h e  m eta d i r e c t i n g  te n d e n c ie s  
o f  a  n i t r o  g ro u p  o n c e  in tro d u c e d  i n t o  th e  r i n g  m akes th e  s u b s t i t u ­
t i o n  a t  th e  p o s i t i o n s  h, 6 , 7 and 9 t h e  o n ly  l o g i c a l  c h o ic e  f o r  
t h e  fo u r  n i t r o  g r o u p s .  T h is  was f u r t h e r  c o n f irm e d  by  th e  
sy m m e tr ic a l s u b s t i t u t i o n  as  e v id e n c e d  by th e  13CMR s p e c tru m ,
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as  w ell as th e  p o s it io n  o f  th e  s ig n a l in  th e  EMR, spectrum . The 
resonance a t  0 . 6 8 t  was in d ic a t iv e  o f  a  very  a c id ic  hydrogen, 
flanked  by two n i t r o - s u b s t i tu te d  ca rb o n s, r a th e r  th an  i t s  being 
ad jacen t to  only  one. (The 1MR. s ig n a l f o r  s - t r i n i t r o  benzene i s  
lo ca ted  a t  0 . 8 8 t ;  in  m -d in itrobenzene  th e  s ig n a l fo r  th e  flanked  
hydrogen i s  a t  0 . 9 9 t  w h ile  th e  hydrogens ad jacen t to  only  one 
n i t r o  group re so n a te  a t  l . l i l - r ) . 431 The hydrogens in  t h i s  compound 
were in  f a c t  unusually  a c id ic  fo r  r in g  p ro to n s , th e  NMR s ig n a l 
in s ta n t ly  van ished  upon D^O a d d itio n .
Very obv io u sly  th e r e f o r e ,  A and B were th e  two p o s s ib le  
monobromo t r i n i t r o  d e r iv a t iv e s  (S tru c tu re s  IX and I I I ) .  As has 
been m entioned b e fo re , p o s i t io n s  ^ and 9> 6 and 7 were
re s p e c t iv e ly  id e n t ic a l  and th e re fo re  th e r e  were on ly  two 
p o s s ib le  iso m ers , the  brom ine in  one c a se  being o r th o  to  the 
h e te ro c y c lic  r in g  ( l l )  and in  the  o th e r  case  para  to  i t  ( i l l ) .
Now the  problem was to  a s c e r ta in  which compound corresponds to  
which s t r u c tu r e ,  a problem  th a t  was by no means t r i v i a l  because 
co n v en tio n a l s t r u c tu r a l  to o ls  (NMR, IR , e t c . )  a re  unable to  
uneq u iv o cally  d i f f e r e n t i a t e  between th e  two. The only  a v a ila b le  
s t r u c tu r a l  to o ls  th a t  cou ld  have so lved  th e  problem was X-ray 
d i f f r a c t io n  o r e le c tro n  m icroscopy. In  e i th e r  ca se  however, 
a p e r fe c t  s in g le  c r y s ta l  o f  reaso n ab le  s iz e  was r e q u ire d , and 
th i s  proved to  be im p o ss ib le  to  o b ta in .
A r a th e r  novel approach was ta k e n , s tim u la ted  by th is  a u th o r 's  
p r io r  e x p e rie n c e 465 o f e le c tro c h e m ic a l work w ith  a number of 
d in i t r o a n i l in e  compounds. From p o la ro g rap h ic  evidence
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S t r u c t u r e  I I I  was a s s ig n e d  to  Compound A and S t r u c t u r e  I I  to  
Compound B. To th e  b e s t  o f  t h i s  a u t h o r 's  k n o w led g e , p o la ro g ra p h ic  
d a t a  h av e  n e v e r  a c t u a l l y  b e e n  a p p l ie d  to  th e  e l u c i d a t i o n  o f  
s t r u c t u r e .
A ro m a tic  n i t r o  com pounds b e lo n g  to  a  c l a s s  t h a t  h a s  b een  
s u b je c t  t o  e x te n s iv e  e l e c t r o c h e m ic a l  I n v e s t i g a t i o n  i n  th e  p a s t , 309 
p o s s i b ly  b e c a u se  o f  i t s  e a s e  o f  e l e c t r o c h e m ic a l  r e d u c t io n  to  
h y d ro x y la m in e s . The n i t r o  group  i s  re d u c e d  to  a  h y d ro x y lam in e  
in  a  d i r e c t  4 e l e c t r o n  s t e p .
-  N02 + 4H+ + 4e ------> -  NHOH + H^ O
I t  was o b v io u s  from  th e  e q u a t io n  t h a t  a v a i l a b i l i t y  o f  hyd rogen  io n s ,  
i . e . ,  t h e  pH would g o v e rn  how e a s i l y  th e  r e d u c t io n  c a n  p ro c e e d , 
i . e . ,  w here  th e  p o la ro g r a p h ic  h a l f  wave r e d u c t io n  p o t e n t i a l  w ould 
be l o c a t e d .  In d e e d , pH g r e a t l y  a f f e c t s  th e  h a l f  wave p o t e n t i a l .
In  g o in g  from  s t r o n g ly  a c i d i c  to  s t r o n g ly  b a s ic  s o l u t i o n  th e  
p o t e n t i a l  s h i f t s  to w a rd s  m ore n e g a t iv e  v a lu e s  and th e  d i f f e r e n c e  
may be  a s  h ig h  as 1^00 m i l l i v o l t s .
R e d u c t io n  o f  th e  h y d ro x y lam in e  g roup  a l l  th e  way t o  th e  
amino g ro u p  by a  2 - e l e c t r o n  s te p  r e d u c t io n
-  NHOH + 2H+ + 2e ------» -  NH2 + H^p
i s  d i f f i c u l t  and a c c o r d in g  to  th e  s tu d i e s  on  d i n i t r o a n i l i n e  
compounds o f  S outhw ick  e t  a l . 464 t h i s  r e d u c t io n  d o es  n o t  n o rm a lly  
ta k e  p l a c e .  A c tu a l ly  t h i s  r e d u c t io n  s t e p  was o n ly  f e a s i b l e  in  
s t r o n g ly  a c i d i c  m e d ia , p resu m ab ly  du e  to  th e  fo rm a tio n  o f  th e
-NH3 group and th u s  favo ring  the  eq u ilib riu m  s h i f t  and low ering 
o f th e  re d u c tio n  h a l f  wave p o te n t ia l .  O therw ise, t h i s  re d u c tio n  
would be so d i f f i c u l t  th a t  th e  so lv e n t medium i t s e l f  would begin  
to  decompose b e fo re  th e  n ecessary  re d u c tio n  p o te n t ia l  could be 
reach ed . The problem  was no t however, a l l  th a t  s tra ig h fo rw a rd  
because so lv en t breakdown i t s e l f  i s  a ls o  a fu n c tio n  o f  pH. In 
40$ e th a n o l, fo r  exam ple, th e  u sab le  range a t  pH I .5  i s  a t  b e s t 
up to  -1 .0  v o l ts  (v s . th e  S .C .E .) w h ile  a t  pH I 3 .0  so lv en t 
breakdown does no t occur u n t i l  ^  - 1 .9  v o l t s .  The s a l i e n t  p o in t 
i s  t h a t ,  in  g e n e ra l ,  we can d is re g a rd  th e  p o s s i b i l i t y  o f re d u c tio n  
to  amino groups.
For a compound co n ta in in g  more than  one n i t r o  group the
red u c tio n s  proceed in  s ta g e s ,  excep t a t  low pH, in  th e  l a t t e r  case
re d u c tio n  s te p s  a re  f a r  too  f a c i l e  to  perm it s e p a ra tio n . E x c e lle n t 
se p a ra tio n s  a re  ach ieved  a t  h igh  pH v a lu e s ,  fo u r d i s t i n c t  
re d u c tio n  waves can be observed in  th e  polarogratn o f  th e  t e t r a -  
n l t r o  compound a t  pH 13*0 b e fo re  th e  so lv e n t b reak s  down 
(F ig u re  14). The r a t io  o f  wave h e ig h ts  in  t h i s  p a r t i c u la r  p o la ro -  
gram was 0 . 9 7 : 1 . 2 :0 . 9 2 :0 .9 2  confirm ing th a t  we were observ ing  th e  
s tep w ise  re d u c tio n  o f fo u r  n i t r o  groups to  fo u r hydroxylamino 
g roups. The wave h e ig h t o r more s t r i c t l y  th e  r e s p e c t iv e  d if fu s io n  
c u r re n ts  each correspond to  a fo u r e le c tro n  re d u c tio n  s te p . 
T h e o re t ic a l ly ,  one could argue th a t  th e  d if fu s io n  c u r re n ts  should 
a l l  be i d e n t i c a l ,  b u t th e  d i f f u s io n  c u r re n t I s  no t on ly  d i r e c t ly
r e la te d  to  th e  number o f  e le c tro n s  Involved in  th e  red u c tio n
s te p  b u t a lso  to  th e  d if fu s io n  c o e f f ic ie n t  o f th e  p a r t ic u la r
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sp e c ie s  in v o lv ed . S ta r t in g  w ith  th e  t e t r a n i t r o  compound, th e  
second wave was due to  th e  re d u c tio n  of th e  trin itro m o n o h y d ro x y l- 
amino s p e c ie s ,  th e  th i r d  wave was due to  th e  re d u c tio n  of th e  
d in itro d ih y d ro x y lam in o  sp ec ie s  and so on.
There i s  no reaso n  to  b e l ie v e  th a t  th e se  sp ec ie s  w i l l  a l l  
have a b s o lu te ly  id e n t ic a l  d i f f u s io n  c o e f f ic ie n t s .  From a s tan d p o in t 
of s iz e ,  which is  th e  dominant f a c to r  governing  d i f f u s i v i t i e s , 
i t  may be expected  th a t  th e  d i f f u s io n  c o e f f ic ie n t s  of th e  fo u r 
sp ec ie s  involved  should  be f a i r l y  c lo se  to  each o th e r . However, 
chem ical in te r a c t io n  o f th ese  sp ec ie s  w ith th e  medium a ls o  
c o n tro ls  d i f f u s i v i t i e s  to  a c e r t a in  e x te n t and s in ce  th e  chem ical 
n a tu re  of th e  sp e c ie s  changes as th e  re d u c tio n  p ro g re s se s , 
a s t r i c t  assessm ent o f d if fu s io n  c o e f f ic ie n ts  could not be made.
In a d d i t io n ,  th e  p h y s ica l c h a r a c te r i s t i c s  o f  a mercury drop do 
no t rem ain I d e n t ic a l  a t  v a rio u s  ap p lied  v o lta g e s  and because o f 
v a rio u s  r e a l  l i f e  fa c to rs  such as incom plete se p a ra tio n  and vary ing  
background c u r r e n t , p o la ro g rap h ic  maxima a t  lower v o lta g e s  th a t  
can never be com pletely  e lim in a te d  by maxima su p p resso rs  (n o te  
the  bulge on top o f th e  second wave), s lo p e s  a t  th e  h ig h e r  end 
due to  th e  o n se t o f medium breakdown, e s tim a tio n  o f d i f f u s io n  
c u rre n ts  due to  each s tep  a re  never one hundred p e rcen t a c c u ra te . 
However, th e re  i s  no doubt th a t  a -NHOH to  -NH2 red u c tio n  s tep  
In  t h i s  polarogram  (o r  o th e rs  no t shown) i s  a b se n t. I f  such a 
re d u c tio n  occu rred  a wave w ith  approxim ately  h a l f  the  h e ig h t o f 
th e  f i r s t  re d u c tio n  s te p  (-N02 to  -NHOH) would have been observed 
s in ce  only two e le c tro n s  a re  involved  in  such a s te p  as opposed
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to four.
We have n o t so f a r  ass ig n ed  which n i t r o  groups a re  reduced 
in  what o rd e r , and such assignm ents a re  on ly  p o s s ib le  w ith th e  
h e lp  o f s tu d ie s  on model compounds. PDA i t s e l f  may be co n s id e red  
to  be d eriv ed  from 1 ,8-diam ino naphthalene ( t h i s  compound in  
f a c t  i s  used f o r  th e  s y n th e s is  o f PDA-bromide which in  tu rn  can  be 
thought to  be two a n i l in e  r in g s  fused to g e th e r .  N itro - s u b s t i tu te d  
a n i l in e s  th e re fo re  can be used as reaso n ab le  models fo r n i t r o -  
s u b s t i tu te d  PDA compounds.
F o r tu n a te ly  such s tu d ie s  were a v a i la b le  in  the  l i t e r a t u r e . 209 
E xactly  a q u a r te r  cen tu ry  ago H olleck  and Exner208 repo rted  a 
thorough in v e s t ig a t io n  o f n i t r o  s u b s t i tu te d  a n i l in e s .  From th e  
study o f o - n i t r o a n i l in e ,  p - n i t r o a n l l ln e  and o ,p - d in i t r o a n i l i n e , 
they  concluded th a t  th e  two re d u c tio n  s te p s  a re  w ell sep a ra ted  f o r  
th e  l a s t  compound and th e  o - n i t r o  group i s  reduced f i r s t .  In  
f a c t ,  t h i s  group i s  reduced somewhat more e a s i ly  ( i . e .  a t  a l e s s  
n e g a tiv e  p o te n t ia l )  than  th e  n i t r o  group in  o -n i t r o a n l l in e  due 
to  th e  e f f e c t s  o f  th e  second n i t r o  group. The n i t r o  group in  
the  para  p o s i t io n  i s  reduced more d i f f i c u l t l y  ( i . e . ,  a t  a 
h ig h e r  n e g a tiv e  p o te n t ia l )  th a n  th e  n i t r o  group in  p - n i t r o a n i l in e  
because o f th e  fo rm ation  o f th e  hydroxy lam ine group in  th e  o - p o s i t io n ,  
p r io r  to  th e  re d u c tio n  o f th e  n i t r o  group in  p -p o s i t io n . The h a l f  
wave re d u c tio n  p o te n t ia l s  were w e ll se p a ra te d  (~  25O mv) even a t  
th e  pH o f 3 . I .  With th i s  in fo rm a tio n  a t  hand i t  was p o s s ib le  to  
a s s ig n  th e  observed p o la ro g rap h ic  waves to  s p e c i f ic  n i t ro  g ro p u s.
In  a d d it io n , i t  should be p o in te d  out a t  t h i s  s tag e  th a t re d u c tio n
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does not n e c e s s a r i ly  begin  s im u ltan eo u sly  fo r  two n i t r o  groups in  
chem ically  id e n t ic a l  p o s i t io n s .  A model example i s  th a t  of 
tn -d in itro b en zen e , s tu d ied  f i r s t  by Pearson379 and l a t e r  by 
Southw ick, e t  a l . 465 One o f  th e  n i t r o  groups was f i r s t  reduced, 
producing  a hydroxylamine which made th e  red u c tio n  o f  th e  second 
n i t r o  group more d i f f i c u l t  and th e re fo re  a s e p a ra tio n  was observed; 
a lthough  to  s t a r t  out w ith  th e  two n i t r o  groups were id e n t ic a l .
P o la ro g rap h ic  d a ta  a re  summarized in  Table X II. A ll e x p e rt-  
ments were c a r r ie d  ou t in  U0$> a lc o h o lic  s o lu tio n . The so lu tio n  
c o n c e n tra tio n  was m 1 .5  x 10“ ^1 in  each c a se . Sodium c h lo r id e  
was used as th e  su p p o rtin g  e l e c t r o ly te ,  T rito n -X -100 as  maxima 
su p p re s so r , and o therw ise  th e  g en era l s e t-u p  was th e  same as 
d e sc rib e d  by Southwick, e t  a l . 465 The ta b le  l i s t s  th e  observed 
h a l f  wave p o te n t ia l s  and th e  r a t i o  o f th e  co rrespond ing  wave h e ig h ts  
in  p a re n th e se s . The l a t e r  d a ta  was in  f a c t  th e  more im portan t 
c lu e  to  th e  problem s in c e  a t  a l l  bu t ex trem ely  h igh pH values 
com plete s e p a ra tio n  was im possib le  and more than  one group was 
reduced in  what appeared to  be a s in g le  s te p . The wave h e ig h t 
o f c o u rse , im m ediately re v ea led  how many groups were involved in  
a g iven  re d u c tio n  s te p .  A ll  c a lc u la t io n s  were made by m easuring 
th e  d if fu s io n  c u rre n t a t  th e  top  of th e  re c o rd e r  o s c i l l a t i o n  t r a c e  
as i s  custom ary fo r  i r r e v e r s ib l e  re d u c tio n s .
I f  we look a t  th e  d a ta  fo r  th e  t e t r a n i t r o  compound a t  pH 
I3 . 0 ,  th e  f i r s t  wave must be due to  one o f the  o - n i t r o  groups s in c e  
as has been m entioned they  were reduced p r e f e r e n t ia l ly  to  the  
p - n i t r o  g ro u p s. The second wave must be due to  th e  o th e r  o - n i t r o
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TABLE XIX 
POLAROGRAPHIC DATA
HALFWAVE REDUCTION POTENTIALS
( in  N e g a tiv e  m i l l i v o l t s  v s .  SCE)
R a t io  o f  C o rre sp o n d in g  W av eh e lg h ts  i n  P a r e n th e s e s
El__________   F i r s t _______________ Second____________T h ird _____________F o u r th
Compound A ( T r i n i t r o  monobormo - )
2 .1 115 (1 .8 ) 260 ( 1 )
fc.5 155 ( 1 .0 ) 335 (1 .0 ) 1*80 ( .9 8 )
7 .2 318  ( . 9 2 ) 1*1*8 ( 1 .0 ) 655 ( 1 )
9-0 490 ( 1 . 0 ) 608 ( . 9 2 ) 966 ( .9 1 )
Compound B ( T r i n i t r o  raonobromo - )
9-0 m  ( 1 .0 ) 975 (2 .1 )
1 3 .0 790 ( 1 . 0 ) 1205 ( . 9b) I 56O ( 1 . 2 )
Compound C ( T e t r a n i t r o  - )
2 .1 115 ( 2 .0 ) 255 (2 .1 )
7 .2 315 ( .9 2 ) ^35 ( 1 . 1 ) 63 It (2 .0 )
9 .0 1*20 ( . 9 2 ) 525 ( 1 . 2 ) 89!* ( 2 .0 )
1 3 .0 775 (-97) 930 ( 1 . 2 ) 1330 (.9 2 )
Compound I? ( T r i n i t r o  - )
9-0 510 ( . 9 8 ) 980 (2 . 0 )
1 3 .0 820 ( 1 . 0 ) 998 (1 .1 ) 1392 (.9 3 )
Compound e  ( T r i n i t r o  - )
9 .0 502 (O.98O 660 ( 1 *1 ) 950 ( 1 .0 )
1 3 .0 814 ( 1 . 0 ) 1302 ( .9 0 ) I 58O ( 1 . 0 )
* 1 .5  x 10"^M s o lu tio n s  in  1*0$ E thanol 
A ll r a t io s  c a lc u la te d  w ith  800 nA = u n ity
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group s in c e  th e  se p a ra tio n  between th e  f i r s t  two h a l f  wave po ten­
t i a l s  was o n ly  I 55 mv a p a r t  and i f  th e  second one was due to  a 
p - n i t r o  group i t  would have been f u r th e r  a p a r t .  The th i r d  and 
fo u r th  waves were then  due to  the two p - n i t r o  g roups. Going down 
in  pH th e  f i r s t  th in g  th a t  happened was th a t  the l a s t  two s te p s  
occurred  to g e th e r  and could no t be se p a ra te d .
At th e  n ex t lower pH th i s  was s t i l l  the  case and f in a l ly  a t  
a  pH o f  two th e  p - n i t r o  groups underwent red u c tio n  in  one s tep  
and th e  two p - n i t r o  groups in  one s t e p .  In  the  trin itrom onobrom o 
compounds th e  p resence o f a bromine in s te a d  of a n i t r o  in c reased  
th e  r in g  e le c tro n  d e n s ity  somewhat and red u c tio n  was expected to  
be more d i f f i c u l t .  This i s  what was observed and fo r  compound A 
a t  pH 9*0 th e  f i r s t ,  second and t h i r d  h a l f  wave p o te n t ia l s  were 
somewhat h ig h e r  compared to  th e  co rrespond ing  d a ta  f o r  the compound 
C. The wave h e ig h t r a t i o  in  th is  case  was roughly 1 :1 :1  as opposed 
to  th e  1 :1 :2  r a t io  observed in  C. The d a ta  c le a r ly  po in ted  out 
th a t  i f  th e  re d u c tio n  o rd e r  fo r  compound C was o r th o ,  o rtho  and 
two p a r a 's ,  th en  th a t  observed fo r  compound A must have been o r th o ,  
o rth o  and p a ra . The second p ara  n i t r o  group was m iss in g  and 
th e re fo re  th e  bromine must have been in  th e  para  p o s i t io n .  There­
fo re ,  S tru c tu re  I I I  was assig n ed  to  A; th e  d a ta  f o r  A a t  o th e r  pH 
v a lu es  m erely  confirm ed t h i s .
With B i t  was observed th a t  th e  f i r s t  h a lf  wave p o te n t ia l  a t  
pH I 3 .0 was s l ig h t ly  h ig h e r  than th e  co rresponding  v a lu e  fo r  the  
t e t r a n l t r o  compound as expected because o f in c reased  r in g  e le c tro n  
d e n s ity .  There w ere, how ever, no waves correspond ing  to  the
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second wave of th e  t e t r a n i t r o  compound a t  pH I 3 .0  (E^ /2  ^30 mv)*
The second wave observed fo r  Compound B ^ ^ 5  mv) was to °
fa r  removed in  lo c a tio n  from th a t  o f  C to  be the  corresponding wave. 
I t  must th e re fo re ,  correspond to  th e  th ird  wave of C, The reason 
th a t  i t  was lo ca ted  a t  a p o te n t ia l  lower and no t h igher than  th a t  
o f  C was because by th e  tim e th e  th i rd  s tep  o f the  po larograph ic  
re d u c tio n  of C began two hydroxylamino groups had been in troduced  
in  p la ce  of two n i t r o  groups which s ig n if ic a n t ly  Increased  th e  
r in g  e le c tro n  d e n s i ty ,  w hile by c o n tra s t  only one hydroxylamino 
group was p re sen t in  th e  case of B a t  th i s  tim e. The th i r d  wave 
o f B th e re fo re  corresponded to  th e  fo u rth  wave o f C and was loca ted  
a t  somewhat more p o s i t iv e  values because of th e  above reaso n . The 
n e t r e s u l t  was t h a t  th e  second o -n it ro  group th a t  gave r i s e  to  
th e  second wave in  C was not p re se n t in  B, The bromine 
th e re fo re  must have been in  the o -p o s itio n  in  the  compound and 
S tru c tu re  I I  was assigned  to  B. The da ta  a t  pH 9*0 supports th is  
co n clu sio n .
I t  was obvious o f co u rse , th a t  the  re a c tio n  product of our 
a n a ly t ic a l  in t e r e s t  could not be compounds A o r B. F u rth e r examina­
t io n  of C rev ea led  somewhat d i f f e r e n t  ab so rp tio n  c h a r a c te r is t ic s  
in  th e  u v ^ v is ib le  sp e c tra  from th e  m a te r ia l  formed on th e  f i l t e r .  
T h e re fo re , the problem  of e s ta b lis h in g  the id e n t i ty  o f th e  product 
o f th e  a n a ly t ic a l  re a c tio n  remained s t i l l  unsolved and e f f o r t s  
to  th i s  end had to  be r e s ta r te d .
I I I .  SYNTHESIS: F ive hundred m illig ram s o f  PDA-sulfate was
suspended in  25 ml methanol by u l tra s o n ic  a g i ta t io n  and 25 ml o f
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co n cen tra ted  n i t r i c  ac id  added. A fte r  a llo w in g  i t  to  r e a c t  fo r  
5 m inutes th e  m ix tu re  was d i lu te d  w ith  w a te r , n e u tra liz e d  w ith  
sodium b ic a rb o n a te  and f i l t e r e d .  The p r e c ip i ta te  was washed 
w ith  w ater u n t i l  f re e  from n i t r a t e .  Thin la y e r  chromatography 
showed th e  p resen ce  of only  two p r in c ip a l  components and one p re ­
s e n t in  much la r g e r  excess th an  th e  o th e r . S ep a ra tio n  o f  th e  
m ix ture by column chrom atography proved exceed ing ly  d i f f i c u l t ,  
ap p a re n tly  th e  two compounds had very  s im ila r  p ro p e r t ie s .  E lu tio n  
was accom plished w ith  2 :1  cy c lo h ex an e :e th y l a c e ta te  and th e  
f ra c t io n s  had to  be chrom atographed 4 tim e s , ta k in g  a t o t a l  o f 
more than  60 hours b e fo re  each component could  be ob ta ined  in  
p u re  form. Only 25 mg o f th e  f a s t e r  e lu t in g  component (compound d) 
and about 100 mg o f th e  o th e r  compound (e )  was ob tained  in  pure 
r e c r y s ta l l i z e d  form.
IV. STRUCTURAL ANALYSIS: P r io r  experience  w ith  the  f i r s t  th re e
compounds made th e  s t r u c tu r a l  a n a ly s is  o f  th e se  two compounds 
f a i r l y  easy . E lem ental a n a ly s is  in d ic a te d  only  C, H, N, 0 and no 
s u l f u r ,  ( a l s o ,  du ring  s y n th e s is ,  s u lf a te  io n  was d e tec ted  in  the  
s o lu tio n  a f t e r  f i l t e r i n g  o f f  th e  p ro d u c t) . Mass s p e c tra l  scan 
showed th e  same p a ren t mass o f 3 I 8 (F igu re  11) fo r  both compounds; 
and both compounds a lso  had th e  same e lem en ta l com position in d i­
c a tin g  a p a i r  o f  s t r u c tu r a l  isom ers w ith  th e  m olecu lar form ula 
CxjHgNgOe* O bviously th e se  were the two p o s s ib le  t r i n i t r o  d e r iv a ­
t i v e s .  A gain, by po larog raphy  s tru c tu re  IV was assigned  to  
Compound D and S tru c tu re  V to  E. Table X II l i s t s  the  d a ta  and 
co rrespond ing  v a lu es  a re  h ig h e r  fo r  D and E than  w ith  C, because
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o f  in c r e a s e d  r i n g  e l e c t r o n  d e n s i ty  d ue  t o  th e  a b se n c e  o f  one 
n i t r o  g ro u p . In  t h i s  c a s e ,  h o w ev er, i t  was p o s s i b le  t o  s u b s ta n ­
t i a t e  th e  p o la ro g r a p h ic  c o n c lu s io n s  b y  FMR s p e c t r a .
F u r t h e r ,  s tu d y  o f  t h e  p H -d ep en d en t v i s i b l e  a b s o r p t i o n  s p e c t r a  
o f  E m atched  e x a c t ly  w i th  t h a t  o f  t h e  p ro d u c t  o b ta in e d  i n  th e  
a n a l y t i c a l  r e a c t i o n ,  e s t a b l i s h i n g  th e  i d e n t i t y  o f  th e  l a t t e r .
The R£ v a lu e s  on t h i n  l a y e r  p l a t e  was a l s o  found to  b e  I d e n t i c a l .
Assigned s t r u c tu r e s  to g e th e r  w ith  th e o r e t ic a l  and found 
e lem en ta l p ercen tag es  o f th e  v a rio u s  compounds a re  l i s t e d  in  Table 
X III .  A search  of chem ical formula-name in d ic e s  rev ea led  th a t  
none o f th ese  compounds have ever been  re p o rte d . This i s ,  o f 
c o u rse , no t s u rp r is in g  in  view o f th e  f a c t  th a t  our knowledge 
of th e  chem istry  of p e rrlm id in e s  i s  q u i te  l im i te d ,
V. SOME PROPERTIES OF NITRO SUBSTITUTED 2-AMINO PERIMIDINES
A. VISIBLE ABSORPTION
A ll o f th e  compounds were h ig h ly  c o lo re d , vary ing  in  hue in  
th e  s o lid  s t a t e  between yellow  and d a rk  re d . The compounds 
were is o la te d  in  a  m ic ro c ry s ta l l in e  s t a t e .  A m icrophotograph of 
th e  t e t r a n i t r o  compound i s  shown in  F ig u re  I 5 . The m ag n ific a tio n  
on th e  photograph i s  5OOX. The c r y s t a l  ap p a ren tly  belongs to  
th e  Csy symmetry c la s s  and as such d id  n o t c o n tra d ic t  th e  assigned  
s t r u c tu r e .  In  s o lu t io n ,  a l l  th e  f iv e  compounds behaved as pH 
in d ic a to r s ,  th e  c o lo r  in  s tro n g ly  a c id  so lu tio n s  being  yellow ish  
green  and changing th rough  yellow  and v a rio u s  shades o f  orange 
( fo r  th e  d i f f e r e n t  compounds) as th e  pH was in c re a se d , coming 
f in a l l y  to  orange o r deep p u rp le  in- s tro n g ly  b a s ic  s o lu t io n s .  I t
TABLE X III 
RESULTS OF ELEMENTAL ANALYSES
COMPOSITION
STRUC- MOLECULAR C io H $  N $  0 io Br
COMPOUND TURE FORMULA T F T F T F T F T F
A I I I C n H g N ^g B r 35- 2T 32.91 1 .2 7 1 .2 5 2 1 .1 6 2 0 .9 1 24.17 24.22 2 0 .1 2 1 9 .8 6
B I I CnH 5Nd0 6Br 33-27 33.11 1 .2 7 1 .2 5 21.16 2 0 .9 6 24.17 24.49 20.12 21.01
C I Ch HsNtOs 36.37 35.86 1 .39 1 .3 7 26.99 2 6 .1 35.29 36 .01
D IV CnH eNgpe 41.52 42.01 1 .90 1.86 26.41 2 5 .2 0 30.17 31.52
E V CnHgNgpe 41.52 4 2 .5 2 1 .90 1 .8 2 26.41 2 6 .1 0 30.17 3 1 .0 2
T: T h e o re tic a l
F : Found
FIGURE 15
was reasonab le  to  assume th a t  th re e  d i f f e r e n t  species were involved: 
the n e u tra l  compound, th e  monoprotonated s p e c ie s , the amino group 
a t  2-p o s i t io n  being p ro tona ted  and the  d ip ro to n a ted  s p e c ie s , the 
r in g  amino n itro g en  being a lso  p ro to n a ted . A thorough study was 
undertaken  to  study the v a r ia t io n  of th e  v i s ib le  sp e c tra  o f  the 
f iv e  compounds w ith pH. The te t r a n i t r o  compound being chem ically  
th e  most in te r e s t in g  was s tu d ied  a t  every 0 .2  pH u n it  from 0 .0  
through 9 .0  and th e  o th e rs  were s tu d ied  a t  every in te g e r  pH u n it  
from 0 .0  through 9 .0 . These s tu d ie s  a lso  showed th a t  beyond a 
pH of 10, th e re  was no fu r th e r  change in  sp e c tra l  c h a r a c te r is t ic s  
fo r any o f the  compounds. These s tu d ie s  were done in  a l l  bu t 
the  f i r s t  case w ith  a computer in te r fa c e d  spectrophotom eter 
so th a t  th e  ta sk  o f th e  d a ta  p rocessing  and p lo t t in g  was manageable. 
The w avelength range s tu d ied  was 350 - 600 nm. F igure 16 shows a 
3-dim ensional (w avelength, pH and absorbance) p lo t o f th e  te t r a n i t r o  
compound and F igure 17 d e p ic ts  a fam ily o f absorbance v s . wavelength 
curves a t  d i f f e r e n t  pH valu es  fo r  th e  same. The f i r s t  s e t  was 
from pH 0 .2  to  2 .0  a t  every 0 .2  pH u n it  and th e  second s e t  
was from pH 0 through 9 a t  every in te g e r  pH u n i t .  The occurrence 
o f th re e  se p a ra te  is o s b e s tic  p o in ts  a t  th e  wavelengths 388  nm,
478 nm and k26  nm could be e a s ily  p e rce iv ed . The f i r s t  two 
is o s b e s t ic  p o in ts  both  were due to  the  eq u ilib riu m  between the 
n e u tra l  and monoprotonated sp ec ies  and th e  l a s t  one was due to  the 
eq u ilib riu m  between the  d ip ro to n a ted  and the  monoprotonated sp e c ie s . 
Three such is o b e s tic  p o in ts  e x is te d  fo r  a l l  th e  o th e r compounds
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as w e ll. The p lo t  on the  l e f t  in  F igure 18 again  fo r  Compound C, 
shows th e  absorbance v s . pH p lo ts  fo r  a fam ily  o f curves a t  d i f ­
fe re n t wavelengths (w ith  th e  wavelength in  nm marked on each curve) 
and th e  p lo t  on th e  r ig h t  shows the molar a b s o rp tiv ity  con tour 
map of th e  pH and w avelength p lan e . F igure  19 shows th e  3 -dimen- 
s io n a l p lo ts  fo r  a l l  the  o th e r  compounds. The th re e  dim ensional 
d a ta  m a trix  fo r  each compound was handled by two computer programs 
WESTSAS and WESTSAS2 developed e s p e c ia lly  f o r  th is  purpose based 
on th e  s t a t i s t i c a l  a n a ly s is  system (SAS) softw are developed by B arr, 
Goodnight, S a i l  and Helwig . 436 The programs provided th e  e q u i l i -  
brium c o n sta n ts  Kg and Ki fo r  th e  re a c tio n s  H^D2^  *= HD + H
and HD H + D re sp e c tiv e ly  where D i s  the  n e u tr a l  compound
and ev alua ted  th e  b e s t  values a f t e r  a n o n - lin e a r  le a s t  squares 
se a rch . A b r ie f  d e s c r ip tio n  o f the  programs and th e i r  m athem atical 
b a s is  i s  given in  appendix I I I .  A summary o f in fo rm ation  obtained 
from s p e c t r a l  study i s  l i s t e d  in  Table XIV. C o rre la tio n  
c o e f f ic ie n ts  fo r  th e  pK v a lu es  (pK = - lo g  k ) were b e t t e r  than
O.97  in  a l l  c a se s .
B. THERMAL DECOMPOSITION
The therm al decom position c h a r a c te r is t ic s  of h ig h ly  n i t r o  
s u b s ti tu te d  arom atic compounds a re  always in te re s t in g  and a l l  the 
f iv e  compounds were th e re fo re  thoroughly s tu d ied  therm ograv im etri- 
c a l ly  and by d i f f e r e n t i a l  scanning c a lo rim e try  (DSC). The 
n itro g e n  used fo r  purging was freed  from oxygen by p ass in g  over 
h ea ted  copper a t  300°C, w ithou t such removal of oxygen e r r a t i c  
r e s u l t s  were o b ta in ed . For DSC runs the  samples were p u t in
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TABLE XIV
PROPERTIES OF NITRO SUBSTITUTED 2-AMINO PERIMIDINES 
AS CALCULATED FROM SPECTRAL DATA
COMPOUND STRUCTURE
ACID DISSOCIATION CONSTANTS
pkg pk-^
ABSORPTION MAXIMA 
OF NEUTRAL SPECIES 
(High pH Runs) 
nm
Rounded to  N earest 5 nm
MOLAR ABSORP­
TIVITY AT 
ABSORPTION 
MAXIMA 
x 104
A I I I 2 .7 2 6 .9 2 530 1.70
B I I . 2.44 6 .6 2 510 1 .8 0
C I 2 .9 2 7 .1 0 500 3 .1 1
D IV 2.40 6 .5 2 485 I .30
E V 2.64 6 .8 0 550 I .3 5
ro-p"-3
2kQ
h e rm e tic a lly  sea led  cap su le s . The h ea t of decom position was 
c a lc u la te d  from th e  equation
AH(mcal/mg) = E. .A.,„Ta—
where E = c a l ib r a t io n  c o e f f ic ie n t  (m cal.°c/m in.) determ ined a t  
v a rio u s  tem peratures w ith  v arious s tandard  m a te r ia ls  accord ing  to  
m an u fac tu re r 's  i n s t r u c t io n s . 135
A = Peak a rea  in  sq . i n . , determ ined by Manual p lan im etry  
ATS = Y -axis s e n s i t iv i ty  in  ° c / i n .
Ts = X Axis s e n s i t iv i ty  in  ° c / i n .
M = sample m ass, mg. 
a = h ea tin g  r a t e  °c/rain .
The r e s u l ts  of th e  therm al in v e s t ig a t io n  a re  shown in  Table XV. 
A ll th e  compounds underwent a f la s h  lo ss  in  w eight a t  the  decompo­
s i t i o n  tem perature b u t the  exact p ercen t w eight lo ss  should be 
taken  as an approxim ate value because i t  i s  q u ite  l ik e ly  th a t  
sm all amounts were thrown o f f  th e  b oat when decom position occurred .
In  terms of h e a t l ib e r a te d ,  i t  i s  u n lik e ly  th a t  any o f th ese  
compounds have any s ig n i f ic a n t ly  u se fu l ex p losive  p ro p e r t ie s .
C. FEAGMENTATION PATTERNS IN MASS SPECTRA
I t  i s  in te r e s t in g  to  no te  th a t  the mass s p e c tra l  fragm entation  
p a t te rn s  were q u ite  d i f f e r e n t  fo r  the  d i f f e r e n t  compounds, e s -  
sp e c ia lly  among th e  s t r u c tu r a l  isom ers (F igure 11). The m ajor peak 
In  th e  t e t r a n i t r o  compound (c )  was loca ted  a t  287 in d ic a tin g  a 
lo ss  o f  76  mass u n i ts  from th e  p a ren t peak. The lo g ic a l choice 
to  account fo r  t h i s  lo ss  was through the  lo s s  of one n i t r o  group,
TABLE XV
THERMAL PROPERTIES OF NITRO SUBSTITUTED 2 -  AMINO PERIMIDINES
E
C a lib ra tio n  
C onstant a t
COMPOUND STRUCTURE
Decomposition
Temperature*
°C
j£ Weight 
Loss During 
Decomposition
Decomposition
Temperature
m e a l/mg
-AH
mcal/mg
-AH
K cals/m ole
A I I I 283 hO 137 256 101
B I I 307 12 113 259 103
C I 319 53 116 170 171
D IV 28? 18 139 280 8 9 .O
E V 307 ^5 113 276 87.8
* C orrected fo r  thermo couple e r ro r
A ll ru n s: h e a tin g  r a te  10°C (m in ., Y -axis s e n s i t iv i ty  0 .2 ° C / in . , X-axis s e n s i t iv i ty  50°C/in.
th e  two r in g  hydrogens and th e  top  carbon and th e  amino group; 
46+2+12+16 = 76 . The same p a t te r n  was observed f o r  compound B, 
the p a ir  o f p a re n t peaks were J 6  u n i ts  removed from th e  p a i r  o f 
m ajor peaks. That th e  bromine had no t been removed a t  th i s  
s tag e  was c le a r  from th e  appearance o f 'p a ire d  p e a k s ' a t  lower 
mass ran g es . In  c o n tr a s t  th e  frag m en ta tio n  p a t te r n  of A showed 
th a t  th e  m ajor peak was a t  287, r e s p e c t iv e ly  79 an<* 81 mass u n its  
a p a r t from th e  p a i r  o f  p a re n t peaks a t  39^ and 398  c le a r ly  in d ic a te d  
a lo ss  o f brom ine. Compound D had i t s  m ajor peak a t  273, ^5 mass 
u n its  from th e  p a ren t peak , th e  only  f e a s ib le  way seemed to  be 
due to  th e  lo s s  o f th e  H^N-C-NH-Link as w ell as th e  two r in g  
hydrogens (16+12+15+2 = 4 5 ). The spectrum  o f Compound E appeared 
to  be too com plicated  to  be r e a d i ly  in te rp r e te d .
V I. REMARKS
1. S tru c tu r a l  assignm ents were fu r th e r  confirm ed by a d d itio n a l 
sy n th e s is  p rocedures and id e n t i f i c a t i o n  by th in  la y e r  chrom atography. 
On b o ilin g  w ith  potassium  bromide in  a lco h o l compound C was p a r t i ­
a l ly  converted  to  a m ix tu re  o f A and B, p r in c ip a l ly  B. On b o il in g
A o r B w ith  sodium n i t r a t e  in  a lc h o l some conversion  to  C was 
observed. D and E bo th  y ie ld e d  C on b o i l in g  w ith  1 :1  n i t r i c  ac id .
The t e t r a n i t r o  compound C was a ls o  sy n th esized  l a t e r  in  v i r t u a l ly  
pure u ie ld  by b o il in g  P D A -n itra te  w ith  2 :1  n i t r i c  a c id .
2 . A pparen tly  th e  n i t r a t i o n  o f th e  arom atic  nucleus takes 
p lace  in  w e ll d e fin ed  s te p s .  When n i t r i c  ac id  was added to  a PDA 
s a l t ,  th e  m ix tu re  went through a g reen  c o lo r  (which p e r s i s t s  only
b r i e f l y  ) w h ich  c o u ld  h av e  b e e n  a  l e s s  n i t r a t e d  d e r i v a t i v e .
A tte m p ts  w ere made to  i s o l a t e  t h i s  compound by r e a c t in g  P D A -n itra te  
w ith  c o n c e n tr a te d  s u l f u r i c  a c i d ,  b u t  f a i l e d .
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PART I I I  
DISCUSSIONS
"Good re a so n s  m u s t,  o f  f o r c e ,  g iv e  p la c e  to  b e t t e r . "
-  S h a k e s p e a re ,  J u l i u s  C a e s a r
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A. The PDA Cation as a Sulfate Precipitant
To e v a lu a te  the  s u p e r io r i ty  of the. PDA c a tio n  as a s u l f a te  
p r e c ip i ta n t ,  th e  s o lu b i l i ty  o f PD A -sulfate was s tu d ied  a t  d i f f e r e n t  
tem p era tu res  both  in  w ater and m ethanol. The spec tropho tom etric  
n i t r a t i o n  method was used to  c a lc u la te  th e  s o lu b i l i ty .  The r e s u l t s  
a re  shown in  Figurew 20 and 21, r e s p e c t iv e ly .  The on ly  r e l i a b le  
d a ta  on th e  s o lu b i l i ty  o f  PD A -sulfate re p o rte d  i s  th a t  due to  
S tephen469 and i t  c o r r e la te s  w ell w ith  t h i s  s tu d y . I n te r e s t in g ly  
enough, th e  s o lu b i l i ty  curve in  m ethanol shows a minima around 
room tem p era tu re .
With a s o lu b i l i ty  o f only  22 mg/1 a t  25°C PD A -sulfate i s  second 
on ly  to  barium  s u lf a te  (2 .5  m g/l) in  in s o lu b i l i t y .  A lthough I t  
appears a t  f i r s t  s ig h t th a t  th i s  would lead  to  s e n s i t i v i t y  l im its  
an o rd er o f m agnitude low er, th e  case  I s  q u ite  d i f f e r e n t .  The 
s o lu b i l i ty  p roduct o f barium  s u l f a te  i s  1 .0 8  x 10"10 and th a t  of 
PD A -sulfate can be r e a d i ly  c a lc u la te d  to  be b . J  x 10"13. One may 
of co u rse , wonder how w e ll  Ion ized  PDA s a l t s  a re  fo r  s o lu b i l i ty  
product c a lc u la t io n s  to  be a p p lic a b le . The m olecular w eight 
of PDA-bromide was determ ined by vapor phase osmometry In  both 
w ater and m ethanol, in  Vja s o lu t io n s .  The apparen t m olecu lar 
w eight in  w ater was e x a c tly  h a lf  o f  th e  a c tu a l  m olecu lar w eight and 
th a t  in  m ethanol was th e  same as th e  t r u e  m olecular w e ig h t.
In  w a te r, th e r e fo re ,  from th e  observed Vant* Hoff i  f a c to r  o f 
two, one would conclude th a t  PDA-bromide i s  com pletely  io n ized  in  
w a te r. Follow ing the  same argument i t  i s  probably n o t io n ized  in  
m ethanol. The p o s s ib i l i t y  i s  o f co u rse  th e re  th a t  in  a  s o lu tio n
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o f PDA-bromide we have some f re e  am ine, hydrogen io n s , and bromide 
io n s  as w e ll as some un ion ized  PDA-bromide. The pH o f a 0.016m 
s o lu t io n  o f  the  s a l t  was measured to  be 5 *80. The pH o f an ammonium 
bromide s o lu tio n  o f  th e  same m o la rity  was measured to  be 5*80 a ls o ,  
and v e r i f ie d  by c a lc u la t io n  from a v a i la b le  d a ta .  I t  would appear 
th e r e fo r e ,  th a t  th e  b a s ic i t y  o f th e  o rg an ic  amine i s  com parable 
to  th a t  o f ammonia. Amounts of f re e  amine p re se n t in  s o lu t io n  i s  
th e re fo re  i n s ig n i f i c a n t ,  a  co n c lu sio n  th a t  i s  a lso  co rro b o ra ted  
by the  o b se rv a tio n  th a t  PDA s a l t  s o lu tio n s  a re  f a i r l y  s ta b le  w hile  
th e  f r e e  amine, i f  l ib e r a te d  by a s tro n g  b a s e , i s  r a p id ly  o x id ized  
by a i r .
We know th a t  e q u ilib r iu m  s o lu b i l i t i e s  a re  only  one o f  th e  
f a c to r s  th a t  governs th e  minimum c o n c e n tra tio n  a t  which v i s ib l e  
p r e c ip i ta t io n  occurs w ith in  a  reaso n ab le  le n g th  o f tim e. In  no case  
does p r e c ip i ta t io n  b eg in  a t  th e  th e o r e t ic a l  l i m i t ,  as Von W eirman's 
law s t a t e s ,  some d eg ree  o f  s u p e rs a tu ra tio n  i s  n ecessa ry . Compared 
to  barium  s u lf a te  PD A -sulfate forms la r g e r  and more w e ll d e fin ed  
c r y s ta l s  th a t  a re  s ta r - s h a p e d .469 I t  i s  im possib le  as w e ll as 
im p ra c tic a l  to  use p r e c ip i ta n t  c o n c e n tra tio n  as h igh  as  th a t  norm ally 
used w ith  barium c h lo r id e  ( s a tu r a te d ,  ~  1.8m) because th e  s o lu b i l i ty  
o f PDA-bromide i s  much l e s s .  However, even w ith  a 1$ s o lu t io n  o f 
th e  p r e c ip i ta n t ,  a t  ex trem ely  low s u l f a t e  c o n c e n tra tio n s  {O.O5 ppm) 
th e  fo rm atio n  of PD A -su lfate  i s  v i s i b l e  w ith in  5 m in u tes , in  
c o n tr a s t  to  s a tu ra te d  barium c h lo r id e ,  which does not produce any 
o b se rv ab le  tu r b id i ty  a t  t h i s  c o n c e n tra tio n  w ith in  a  reaso n ab le  
p e r io d .
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F u r t h e r ,  I n  th e  p a r t i c u l a r  m e thodo logy  u sed  i n  t h i s  work th e  
s o l u t i o n  i s  e v a p o ra te d  t o  d r y n e s s ,  m aking  co m p le te  n u c l e a t i o n  o f  
P D A -su lfa te  p o s s i b l e .  U nder th e s e  c o n d i t io n s  i t  i s  d o u b tf u l  w h e th e r  
t h e r e  i s  any  b e t t e r  s u l f a t e  p r e c i p i t a n t  th a n  th e  PDA c a t i o n .
B. SPECIATION BY CONTROLLING HUMIDITY AND POSSIBLE COMBINATION 
TECHNIQUES
D e liq u e s c e n c e  p o i n t s  o f  some s u l f a t e  s a l t s  o f  a tm o s p h e r ic  
im p o r ta n c e  i s  l i s t e d  i n  T a b le  XVI. I t  w ould a p p e a r  t h a t  by m ain­
t a i n i n g  a  ~  R ,H . o f  t h e  sam ple s t r e a m  one w ould b e  a b le  to  
s p e c i a t e  s u l f u r i c  a c id  and  ammonium b i s u l f a t e  from  a l l  o th e r  
s u l f a t e s  and b i s u l f a t e s .  I t  i s  d o u b tf u l  w h e th e r  p r e s e n t  n eed s  
j u s t i f y  any  f u r t h e r  s p e c i a t i o n  w ith o u t t h e  a d v e n t o f  t o x i c o lo g i c  
d a t a .  I f ,  h o w ev er, f u r t h e r  s p e c i a t i o n  i s  n e c e s s i t a t e d  a t  a  l a t e r  
d a t e ,  th e  schem e due t o  S t i n e 472a ( F ig u r e  2 )  may b e  a p p l i c a b l e  
to  t h i s  a n a l y s i s  te c h n iq u e .
C. THE NITRO SUBSTITUTED 2-AMINO PBRXMIDINES
The f r e e  am ine i s  v e r y  s u s c e p t i b l e  t o  o x id a t io n .  A t f i r s t  s i g h t  
i t  i s  p u z z l in g  why t h i s  o x id a t io n  d o es  n o t  ta k e  p la c e  d u r in g  t r e a t ­
m ent w ith  c o n c e n t r a te d  n i t r i c  a c id  w h ich  i s  a  v e ry  p o w e rfu l o x i d i z ­
in g  a g e n t .  A p p a re n tly  t h e  2 -am ino  g ro u p  w hich i s  n o rm a lly  m ost 
s u s c e p t i b l e  t o  o x id a t io n  i s  p r o te c te d  b y  p r o to n a t io n  d u r in g  such  
t r e a tm e n t .  I n  a d d i t i o n ,  t h i s  p a r t i c u l a r  r i n g  sy stem  m ust be  v e ry  
s u s c e p t i b l e  to  e l e c t r o p h l l l i c  a t t a c k ,  t h e  r a t e  o f  n i t r a t i o n  i s  v e ry  
f a s t  com pared to  m ost o th e r  r i n g  s y s te m s .
In  f a c t  th e  s l i g h t  r e d d is h  c o l o r a t i o n  p ro d u ced  on  PDA-bromide 
im p re g n a te d  f i l t e r s  d u r in g  sam p lin g  o f  s u l f u r i c  a c i d  a e r o s o l
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TABLE XVI
BULK DELIQUESCENCE POINTS OF VARIOUS SULFATES OF ATMOSPHERIC
IMPORTANCE AT 20°C S2a
Compound R .H .
NaHS04 51
KHSO4 8 6
n h 4h s o 4 96 30 - 1*0
Na£S0 4 86-93
(NH4) 2S04 81
ZnS04 87
MgS04 91
2 5 9
g e n e ra te d  by th e  s t a c k  g e n e ra to r  i s  p ro b ab ly  due to  n i t r a t i o n  a l s o .  
A lthough p u re  oxygen i s  used  as  f u e l ,  a i r  i s  p r e s e n t  in  th e  
s ta c k  due to  th e  c o n tin u o u s  a s p i r a t i o n  and p resum ab ly  a t  th e  h ig h  
te m p e ra tu re  o f  th e  o x y -a c e ty le n e  f la m e , n i t r o g e n  r e a c t s  w ith  oxygen 
to  form n i t r o g e n  o x id e s  t o  some e x t e n t .  In  th e  p re s e n c e  o f  s u l f u r i c  
a c id  i t  i s  l i k e l y  t h a t  some d e g re e  o f  n i t r a t i o n  o f  th e  o rg a n ic  
amine ta k e s  p la c e  and  th u s  th e  o b se rv e d  c o l o r a t i o n  a p p e a rs .
When PDA-bromide i s  r e f lu x e d  w ith  1 :1  n i t r i c  a c id  two t r i n i t r o  
monobromo d e r iv a t iv e s  a r e  p ro d u ced  a lo n g  w ith  t h e  t e t r a n i t r o  
compound, w ith  a  b ro m in e  atom  ta k in g  th e  p la c e  o f  a  n i t r o  g ro u p . 
M e c h a n is t ic a l ly  i t  a t  f i r s t  a p p e a rs  to  be a  p u z z le  s in c e  th e  b rom ide 
io n  i s  a  n u c le o p h i le  and n o rm a lly  would n o t b e  e x p e c te d  to  fo l lo w  
such a  r o u t e .  I t  seem s more th a n  p ro b a b le  t h a t  th e  r in g  b ro m in a tio n  
i s  n o t c a u se d  by a  d i r e c t  a t t a c k  o f  th e  b rom ide io n  b u t h y d ro - 
brom ic a c id  i s  form ed in  th e  h ig h ly  a c id ic  medium a t  f i r s t  and  t h i s  
r e a c t s  t o  form  n i t r o s y l  b rom ide w ith  n i t r i c  a c i d .  I t  i s  e s t a b l i s h e d  
from d ip o l e  moment s t u d i e s 309 t h a t  in  n i t r o s y l  b ro m id e , b rom ine 
c o n s t i t u t e s  th e  p o s i t i v e  end o f  th e  m o le c u le . I n  f a c t ,  a r e l a ­
t i v e l y  h ig h  p o s i t i v e  c h a rg e  i s  a s c r ib e d  to  th e  b rom ine atom 
w hich i s  n o t  s u r p r i s in g  in  v iew  o f  th e  h ig h  e l e c t r o n e g a t i v i t i e s  
o f  b o th  oxygen and n i t r o g e n .  T h e re fo re ,  th e  b ro m in e  s u b s t i t u t i o n  
p ro b a b ly  ta k e s  p la c e  v i a  a t t a c k  by n i t r o s y l  b ro m id e .
A s u l f o n ic  a c id  d e r iv a t iv e  from  P D A -su lfa te  i s  th e r e f o r e  
n e i th e r  ex p e c te d  n o r  o b s e rv e d ; a n  in te rm e d ia te  t h a t  would le a d  to  
an a t t a c k  by th e  HS03 io n  i s  c l e a r l y  u n l i k e l y .
2 6 0
D. NEW AVENUES FOR WORK
P re l im in a ry  work has  a l r e a d y  shown t h a t  a  t r a c e  n i t r a t e  
d e te rm in a t io n  m ethod i s  f e a s i b l e  by th e  r e v e r s e d  r e a c t io n ,  i . e . , 
th e  r e a c t io n  o f  t r a c e  n i t r a t e  io n s  w ith  P D A -su lfa te  d is s o lv e d  
i n  c o n c e n tra te d  s u l f u r i c  a c i d .  I t  i s  a l s o  p o s s ib le  t h a t  d i r e c t  
r e a c t i o n  w ith  o x id e s  o f  n i t r o g e n  in  an  a c i d i f i e d  P D A -salt im p reg n a te d  
f i l t e r  w i l l  le a d  to  a  f a s t ,  s e n s i t i v e  and s p e c i f i c  c o lo r im e t r ic  
m ethod f o r  th e  d e te rm in a t io n  o f  o x id e s  o f  n i t r o g e n  in  am bien t a i r .
The PDA c a t io n  i t s e l f  i s  a  p o w e rfu l p r e c i p i t a t i n g  a g e n t .  I t  
w i l l  p r e c i p i t a t e  o th e rw is e  d i f f i c u l t  to  d e a l  w ith  a n io n s  such  a s  
n i t r a t e ,  a c e t a t e ,  c i t r a t e ,  fo rm a te ,  e t c .  A lth o u g h  none o f  th e s e  
s a l t s  a r e  a s  in s o lu b le  a s  th e  s u l f a t e ,  th e y  a r e  q u i t e  in s o lu b le  
by  o rd in a ry  s ta n d a r d s .  Any o f  th e s e  io n s ,  i f  p r e s e n t  in  a  r e l a t i v e l y  
i n t e r f e r e n c e  f r e e  m a tr ix ,c a n  b e  r a p id ly  d e te rm in e d  by p r e c i p i t a t i o n  
a s  th e  P D A -sa lt, rem oval o f  e x c e s s  r e a g e n t  and fo llo w ed  by 
n i t r a t i o n .
The t e t r a n i t r o  compound i s  c h e m ic a lly  th e  m ost i n t e r e s t i n g .
The f o u r  n i t r o  g roups w ithd raw  so  much o f  th e  e l e c t r o n  d e n s i ty  o f  
th e  r in g  t h a t  i t  r e s u l t s  in  some u n u su a l p r o p e r t i e s .  The r in g  
p ro to n s  a re  e x tre m e ly  a c i d ic  and q u i t e  l a b i l e  a s  in d ic a te d  by PMR 
s t u d i e s .  In  a d d i t i o n ,  p r e l im in a r y  s tu d ie s  h ave  shown t h a t  i t  
fo rm s c h a r g e - t r a n s f e r  com plexes w ith  many r r e l e c t r o n  r i c h  r in g  
sy s te m s  such  a s  a c e n a p th y n e , 1 , 3 ,5 “ tr im e th o x y  b e n z e n e , in d o le ,  e t c .  
Such a  com plex fo rm a tio n  i s  accom panied by a  d e c re a s e  in  c o lo r  
i n t e n s i t y .  T h ere  a r e  r e c e n t  s tu d ie s  a t te m p t in g  to  r e l a t e  th e  
c a rc in o g e n ic  b e h a v io r  o f  a ro m a tic  h y d ro ca rb o n s  w ith  t h e i r  tt~e l e c t r o n
d e n s i t y .  I t  i s  p o s s i b l e  t h a t  a  q u ic k  and  d i r t y  c o l o r i m e t r i c  m ethod 
can  b e  d e v e lo p ed  to  ro u g h ly  d e te rm in e  th e  t o t a l  n ~ e le c t r o n  
r i c h  a ro m a tic  h y d ro c a rb o n  lo a d in g  o f  th e  a tm o s p h e re . th ro u g h  th e  
u s e  o f  th e s e  com pounds. I n  a d d i t i o n ,  th e  f i e l d  o f  o r g a n ic  sem i­
c o n d u c to rs  i s  r a p id l y  d e v e lo p in g  and th e  s tu d y  o f  c h a rg e  t r a n s f e r  
com plexes h av e  p ro v ed  to  b e  v e ry  u s e f u l  i n  t h i s  a r e a .
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APPENDIX I
SYNTHESIS AND APPLICATION OF PERIMIDINYL AMMONIUM BROMIDE*
P . K. Dasgupta, G. L. Lundquis t,  K. D. R e iszner  and P. W. West 
Louisiana S ta te  U n iv e r s i ty ,  Baton Rouge, IA 708O3
In tro d u c t io n : 2 -A m inoperim idine h y d ro ch lo rid e  was o r ig in a l ly  in troduced
by Stephen (1) as a tu rb id im e tr ie  reag en t fo r  s u lf a te  o f f e r in g  e x c e lle n t  
s e n s i t i v i t y .  S ince th e  method was plagued w ith  in te r f e re n c e s  from 
v a r io u s  anions th a t  a lso  form in so lu b le  p r e c ip i ta te s  w ith  t h i s  re a g e n t, 
f i e ld  a p p lic a tio n s  were l im ite d . However, s in c e  the  study  and measure­
ment o f a e ro so l s u l f u r ic  ac id  and a irb o rn e  s u lf a te s  became im portan t, 
th e r e  has been a  tremendous i n t e r e s t  in  t h i s  re a g e n t. I t  was d iscovered  
t h a t  th e  reag en t can be used w ith  g re a t su ccess  as an im m obilizing agen t 
in  m ic ro d iffu s iv e  s e p a ra tio n  o f  s u lf u r ic  a c id  (2) ,  th a t  th e  r e s u l t in g  
s u l f a t e  s a l t  can be th erm ally  pyro lysed  to  y ie ld  S02 (3) which i s  e a s i ly  ‘ 
m easurable u s in g  th e  e s ta b lis h e d  West-Gaeke method (*0, and th a t  the  
r e a c t io n  o f a e ro so l s u l f u r ic  ac id  w ith  a  f i l t e r  im pregnated w ith  th i s  
re a g e n t i s  topochem ical and f re e  o f in te r f e r e n c e  from o th e r  p a r t ic u la te  
s u l f a t e s  and m etal ox ides (5 , 6 , 7 , 8 ) .  In  f a c t ,  the l a t t e r  (8 ) i s  
c u r r e n t ly  under e v a lu a tio n  as th e  ASTM S tandard Method. A c o lo r im e tr ic  
method in v o lv in g  th e  o x id a tio n  o f  2 -am inoperim idine s u l f a te  i s  a lso  
a lm ost com plete (9 ) .  A v ery  s e le c t iv e  p y ro ly t ic  method fo r  determ ina­
t i o n  o f s u lf a te  in  w ate r a t  t r a c e  le v e ls  th a t  employs t h i s  reag en t i s  
now com pletely  developed ( 10) .
V a r io u s ly  r e fe r r e d  t o  i n  t h e  l i t e r a t u r e  a s  p e r lm id y l  ammonium
b ro m id e ,  2 - p e r i m i d i n y l  ammonium b ro m id e ,  PDA-Br.
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Stephen syn th esised  the  hyd roch lo ride  follow ing S ach 's  o r ig in a l  
method (1 1 ). This method i s  q u ite  cumbersome and McClure (12) develop­
ed a much sim p ler s y n th e tic  method to  produce th e  hydrobromide s a l t .
The account g iven here  co n ta in s  s ig n if ic a n t  m o d ifica tio n s  o f McClure’ s 
method. Changes in  re a c t io n  medium and p u r if ic a t io n  s te p s  have been 
found to  g ive a p u re r p roduct in  h ig h er y ie ld .
E xperim en tal:
R eagen ts:
1. Benzene Technical Grade
2 . Cyanogen bromide Reagent Grade
3- 1,8 Diaminonaphthalene Technical Grade
b . D ieth y l e th e r Technical Grade
5 . Acetone T echnical Grade
P re p a ra tio n : 1 ,8-diam inonaphthalene (DAN) may be p u r if ie d  by
r e c r y s ta l l i z a t io n  from 1 :1  e th an o l-w ater ( 12) ;  a much p re fe rre d  method 
i s  two d i s t i l l a t i o n s  under a 1.5 mm vacuum a t  170 - 175°C. The p u r if ie d  
DAN product has a p a le  yellow  to  w hite  appearance. The reagen t should 
be used im m ediately a f t e r  p u r if ic a t io n .
The in d ic a te d  amounts are  fo r  th e  p rep a ra tio n  o f  approxim ately 
lOOg o f  PDA-Br d ih y d ra te . 72g o f p u r if ie d  DAN is  d isso lv ed  in  500 ml 
o f  benzene and 52g o f cyanogen bromide d isso lv ed  in  500 ml o f benzene. 
The l a t t e r  s o lu tio n  i s  p laced  in  an ic e  bath  and the  DAN so lu tio n  
added slow ly w ith  co n stan t s t i r r i n g .  While m onitoring th e  tem perature ,
'JHf'
1 , 8 -diam inonaphthalene i s  alm ost w h ite  when pure, b u t th e  pure 
compound i s  h ig h ly  su sc e p tib le  to  o x id a tio n  and a q u ire s  a p u rp lish  
c o lo r  r a p id ly .  Since p u r i f ic a t io n  b e fo re  use i s  n ecessary  in  any 
case , u s in g  a b e t te r  grade o f the reag en t as the  s ta r t in g  m a te ria l 
has no advantage.
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t h e  m ix tu r e  i s  removed from t h e  b a t h  and r e p l a c e d  a l t e r n a t e l y  so  t h a t  
t h e  t e m p e r a t u r e  d o es  n o t  exceed  50°C . Below 20°C th e  r e a c t i o n  p ro c e e d s  
s low ly  so  o v e r c o o l in g  sh o u ld  b e  a v o id e d .  A p a l e  t a n  p r o d u c t  b e g i n s  t o  
s e p a r a t e  im m e d ia te ly  and f i n a l l y  t h e  m ix tu r e  becomes q u i t e  v i s c o u s .
A f t e r  JO m in . t h e  m ix tu r e  i s  s e t  o u t s i d e  t h e  b a t h ,  warmed t o  ho°c 
i f  n e c e s s a r y ,  and s e t  a s i d e  f o r  a n o t h e r  JO m in .  to  e n s u re  c o m p le te  
r e a c t i o n .
P u r i f i c a t i o n : The p r o d u c t  i s  f i l t e r e d  u n d e r  vacuum i n  a  l a r g e
Buchner f u n n e l  and w ashed s lo w ly  w i t h  JO ml o f  b e n z e n e ,  and t h e n  s m a l l  
volum es o f  a c e to n e  u n t i l  th e  f i l t r a t e  i s  c o l o r l e s s .  One l i t e r  o f  w a te r  
i s  b r o u g h t  t o  b o i l i n g  and b o i l e d  f o r  10 m in .  t o  e n s u re  rem o v a l o f  
d i s s o lv e d  o xygen .  The FDA-Br p r o d u c t  i s  added  to  t h e  w a te r  and s t i r r e d  
v i g o r o u s l y  t o  h e l p  q u ic k  d i s s o l u t i o n .  The h o t  s o l u t i o n  i s  f i l t e r e d  
un d er  vacuum th r o u g h  a  bed o f  a c t i v a t e d  c o c o n u t  c h a r c o a l .  The h o t  
f i l t r a t e  i s  q u i c k l y  t r a n s f e r r e d  t o  a  l a r g e  e r le n m e y e r  f l a s k , ,  s to p p e r e d ,  
and a l lo w e d  t o  come s lo w ly  t o  room te m p e r a t u r e  whence b e a u t i f u l  n e e d l e ­
l i k e  c r y s t a l s  s e p a r a t e  from th e  s o l u t i o n .  The m ix tu r e  i s  r e f r i g e r a t e d  
a t  ~  10°C t o  im prove  t h e  y i e l d  and f i l t e r e d .  The p r o d u c t  i s  r e c r y s t a l ­
l i z e d  a g a i n  i n  t h e  ab o v e  m anner and t h e  r e s u l t a n t  p r o d u c t  s h o u ld  be 
a lm os t p e r f e c t l y  w h i t e .  Any l a s t  t i n g e s  o f  c o l o r  a r e  removed by w ash in g  
w i th  a s m a l l  volum e o f  1 :1  e t h a n o l  : a c e t o n e .
The s o l i d  form  o f  th e  r e a g e n t  i s  PDA-Br 2H20 ,  w hich  can  be  d r i e d  
a t  80°C f o r  h r s .  to  th e  a n h y d ro u s  compound and t h i s  goes  b a c k  t o  th e  
d i h y d r a t e  u n l e s s  k e p t  i n  a  d e s s i c c a t o r  (M cClure found t h e  form t o  be  
th e  d im e r  m o n o h y d ra te ) .  f A n a l y s i s .  C a l c u l a t e d  f o r  C ^  H34 N302 B r:
M l.024 C, k . 7 0 4  H, lh .0 0 #  N; found k k . l j d  C, k.7J<  II, 15-984 N],
The w h i t e  c r y s t a l l i n e  p r o d u c t  h a s  a  m .p . o f  265°C .
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D isc u ss io n : N u c le o p h ilic  a d d it io n s  to  cyanogen brom ide are  commonly
preform ed in  p o la r  s o lv e n ts .  But th e  use o f benzene in s tead  o f 
dim ethoxyethane (12) has advan tages. F i r s t ,  th e  r e a c t io n  tem pera tu re  
can be more c a r e fu l ly  c o n tro lle d  and th e re fo re  th e  r e a c t io n  is  le s s  
v io le n t .  Secondly, th e  FDA-Br p ro d u ct i s  le s s  s o lu b le  in  benzene. 
T h ird ly , benzene i s  more r e a d i ly  a v a i la b le  and le s s  expensive th e n  
dim ethoxyethane. F u r th e r ,  l ik e  o th e r  e th e rs , th e  p resen ce  o f p e ro x id es  
in  commercial dim ethoxyethane a id s  in  rap id  o x id a tio n  o f  both 
diam inonaphthalene and PDA-Br, lead in g  to  u n d e s ira b le  in te n se ly  co lo red  
p ro d u c ts , which o f te n  n e c e s s i ta te  many more r e c r y s t a l l i z a t i o n  s te p s .
The re a c t io n  i s  exotherm ic and c a re fu l m on ito rin g  i s  n ecessa ry  to  
p rev en t th e  r e a c t io n  from re ach in g  exp losive  p ro p o r tio n s . The h e a t  o f  
r e a c t io n  i s  a p p a re n tly  r e la te d  to  th e  p u r ity  o f DAN and so lv en t p o la r i ty .  
With p u re , w hite  DAN and in  benzene medium the r e a c t io n  proceeds slow ly 
and w ith  l i t t l e  h e a t l ib e r a t io n .  Even a  l i t t l e  warming is  n e cessa ry  to  
make th e  re a c t io n  go a t  a re a so n a b ly  r a t e .  The p ro d u c t i s  a lso  p u re r  
and r e q u ire s  only  one o r two r e c r y s t a l l i z a t i o n  ( in  th e  previous p ro ­
cedure (12) 6 r e c r y s t a l l i z a t i o n s  were ty p ic a l ) .  The i n i t i a l  p ro d u c t 
may vary  from o f f -w h ite  to  ta n  depending on th e  p u r i ty  o f DAN. I n  
s u n lig h t ,  PDA-Br undergoes a s l i g h t  d is c o lo ra t io n , even  pure PDA-Br 
should be s to re d  in  a brown b o t t l e .
The use o f ace to n e  as a wash s o lu tio n  i s  a ls o  an improvement in  
th e  p u r i f i c a t io n  p ro ced u re . Im p u r it ie s  are  q u ite  s o lu b le  in  ace to n e  
and PDA-Br i s  n o t,  w h ile  p roduct lo s s  i s  observed w ith  e th e r  w ashing. 
Table I  co n ta in s  th e  s o lu b i l i ty  o f  PDA-Br in  v a r io u s  so lv e n ts . The 
low s o lu b i l i ty  o f  PDA-Br In  benzene dem onstrates why i t  improves th e  
p roduct y ie ld .  An improved y ie ld  i s  observed by u s in g  w ater fo r  th e
r e c r y s t a l l i z a t i o n  s o lv e n t.  P revious r e c r y s ta l l i z a t io n s  were done in  
e th an o l o r m ethanol (1 2 ). The y ie ld  a f t e r  p u r i f i c a t io n  i s  TO - 75*  ^
as PDA-Br.
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TABLE I .  S o lu b i l i t y  o f  PDA-Br in  v a r io u s  s o lv e n t s
SOLVENT
E thanol
Water
Acetone
E t h e r
Benzene
1 ,2  -Diraethoxyethane
SOLUBILITY3
2 . k  
0.6  
0 .1  
0 .3  
< 0 .0 3  
0 .1
a S o l u b i l i t y  i n  g/100 m l a t  26°C
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APPENDIX I I
DESIGN AND CIRCUIT EXPLANATION OF THE SPECTROPHOTOMETER 
COMPUTER INTERFACE 
The a v a ila b le  analog to  d i g i t a l  co n v erte r (ADC) u n i t  connected 
to  the Nova 1200 Computer was a lim ite d  re s o lu tio n  dev ice  w ith a f u l l  
sc a le  c a p a b i l i ty  of 10 v o l t s .  The ou tpu t from the  Beckman sp ec tro ­
photom eter was 100 m i l l iv o l t  f u l l  sc a le  and was l in e a r  w ith  tra n sm ittan ce  
as read on th e  instrum ent m eter. The in te r fa c in g  d ev ice  th e re fo re  was 
b a s ic a lly  an a m p lif ie r  w ith  a g a in  of 100 based on th e  S h i  o p e ra tio n a l 
a m p lif ie r . In  a d d itio n , th e  computer had to  know when th e  sp ec tro ­
photometer s t a r t s  i t s  scann ing , and a p a ir  o f te rm in a ls  a re  provided 
a t  the back o f  the Beckman DB which was open in  any sw itch  p o s it io n  
o th er than scan , when th e  instrum ent was sw itched to  scan p o s it io n , 
these  two te rm in a ls  were sh o rte d .
The schem atic o f th e  in te r f a c e  i s  shown in  F ig u re  2 3 . Normally 
the 9^1 o p e ra te s  on an in v e rte d  ou tpu t mode, I . e . ,  a  s ig n a l of 
opposite  p o la r i ty  appears a t  the  output because th e  In v e rtin g  in p u t 
i s  used. Problems were faced in  using  th is  c o n f ig u ra tio n  and th e re ­
fo re  the a m p lif ie r  was used w ith  the  n o n -in v e rtin g  in p u t (p in  3 ) 
rece iv in g  th e  s ig n a l from th e  spectrophotom eter. The in p u t r e s i s to r  
R6 and Grounding r e s i s to r  R5 were chosen to  be s u f f ic ie n t ly  high so 
th a t  n e ith e r  th e  output c i r c u i t r y  o f  th e  spectrophotom eter was over­
loaded, nor th e  b ias  c u rre n t fo r  the  y b l  became ex ce ss iv e ly  h igh .
The gain was th en  se le c ted  by s e le c t in g  a s u ita b ly  h igh  value fo r  th e  
feed-back r e s i s to r  R7 . The gain  was a c tu a l ly  s l ig h t ly  h igher than 
100 ( 102 . 3 ) w ith  the c i r c u i t  components used and so th e  f u l l  sca le  
output from th e  spectrophotom eter i t s e l f  was ad ju sted  to  give a f u l l
S C H E M A T I C  OF I N T E R F A C E  : B E C K M A N  DB TO N O V A  1200
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SYSTEM INPUT
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Max.12V
FIGURE 
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s c a le  o u tp u t o f 10 v o l ts  a t  th e  a m p lif ie r  ou tpu t (pin. 6 ) .
T ransform er T had a c e n te r  tapped secondary and th e  12V AC 
v o lta g e  o b ta in ed  was r e c t i f i e d  by th e  d iodes D^, D2 , D3 and D4 and 
f i l t e r e d  by th e  c a p a c ito rs  C i and C2 .  The n eg a tiv e  supply  was tapped 
from th e  ju n c tio n  o f Di and Da through R2 and h e ld  a t  - I 5V by the 
Zener d iode ZD2 ; i t  was a ls o  fu r th e r  f i l t e r e d  by c a p a c ito r  C4 .
R£ l im its  ex cessiv e  c u r re n t  through ZD2 . S im ila r ly  p o s i t iv e  
v o lta g e  was ob ta in ed  from th e  ju n c tio n  o f D3 and D4 th rough  Rls f i l t e r e d  
by C3, and h e ld  a t  + I5V by ZD*. The p o s i t iv e  supply  was connected to  
p in  7  and th e  neg a tiv e  supplyw as connected to  p in  9  o f  th e  o p e ra tio n a l 
a m p lif ie r .  In  a d d it io n , th e  p o s it iv e  supply  was connected  through Ra 
to  ground v ia  zener d iode ZD3 which h e ld  th e  v o lta g e  a t  5 .6  v o l ts  a t  
i t s  ca th o d e . Rs  lim ited  th e  c u r re n t th rough ZD3 . T his v o lta g e  was 
dropped by an o th e r 0 . 1* v o l t s  by th e  forw ard drop o f th e  diode D5 so 
th a t  5 .2  v o l t s  appeared a t  th e  cathode o f Ds . This v o lta g e  i s  TTL 
(T ra n s is to r  T ra n s is to r  Logic - on which th e  Nova 1200 o p e ra te s )  com­
p a t ib le  and was then fed  in to  th e  t r ig g e r  inpu t o f th e  system clock  
o f  th e  com puter, v ia  th e  scan  sw itch o f  th e  Beckman DB. The t r ig g e r  
was grounded by R e s is to r  Rg and i t  was h e ld  a t  ground p o te n t ia l  when th e  
scan sw itch  was not c lo se d . On sw itch ing  the  in stru m en t to  scan 
p o s i t io n ,  v o lta g e  appeared a c ro ss  Rg and th e  clock  was t r ig g e re d .
Much h ig h e r  values  of Rg were t r i e d  b e fo re  and caused com plications  
by f a l s e  t r i g g e r in g ,  presumably due to  th e  Induced n o ise  on the  r e s i s t o r .
R e s i s to r  R3 and R4 prov ided  the  o f f s e t  v o l ta g e  to  the in p u t of 
th e  o p e ra t io n a l  a m p l i f i e r ,  and R3 was so ad justed  t h a t  the  output was 
zero  when th e  input was grounded.
APPENDIX I I I  
WESTSAS , WESTSAS2 AND THE MATHEMATICAL BASIS OF 
CALCULATING INDICATOR CONSTANTS FROM SPECTRAL DATA
D efine: Cq = c o n c e n tra t io n  o f  th e  n e u t r a l  s p e c ie s ,
Ci = c o n c e n tra tio n  o f th e  nonprotonated  sp ec ies
C2 = c o n c e n tra tio n  of th e  d ip ro to n a te d  sp ec ies
C t  = Cq + Cj_ H* C2
A0 = a b s o rp t iv i ty  o f th e  n e u tr a l  sp ec ie s  a t  a g iv en  w avelength \  
Ax = a b s o rp t iv i ty  o f th e  monoprotonated sp ec ies  a t  a  given 
w avelength \
As = a b s o rp t iv i ty  o f th e  d ip ro to n a ted  sp ec ie s  a t  a g iven wave­
len g th  \
At  = observed absorbance.
NowsAt and B a re  fu n c tio n s  o f hydrogen ion  c o n c e n tra tio n  w hile  C t, Kx 
and K2 a re  c o n s ta n ts  a t  a l l  tim es and Aoj A i and A2 a re  c o n s ta n ts  a t  a 
g iven w avelength .
Then:
C o .  Ca =
where B = + K2[H^] + [H+]2
A t ■ CqAq +  CjAj_ +  C2 A2
or
At = §*■ [KiKaAo + K2[H+]Ai  + [H+] a As ]
For a g iven  w avelength a t  a  hydrogen io n  c o n c e n tra tio n  [H+] ;
At i  = ^  [KiKaAo +  K2 [H+ 3j_ A i  +  [H+ ] £ 2  A2J
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or
A tt  = a t  Ao + Aa + Yt As
where
-  0tK lK2 „ Ct*sCHtlf
a i   B±
Now A0 A i and A2 can be c a lc u la te d  from a , B and v by m a tr ix  
m ethods.
WESTSAS2: With th e  he lp  o f i n i t i a l  c ru d e  approxim ations guesses
were made a t  th e  values o f  Kx and K2 . (A ctu a lly  f a i r l y  good 
guesses cou ld  be made by assuming fo r  exam ple, t h a t  th e re  i s  no 
n e u tra l  sp e c ie s  a t  the low est pH v a lu es  o r th a t  th e r e  i s  no 
d ip ro to n a ted  sp ec ie s  fo r  th e  h ig h e s t pH v a lu e s .)  For a given 
w avelength , th e  program computed a B and y a t  v a r io u s  pH v a lu es  and 
a lso  c a lc u la te d  Aoj Ai and A2 . By a g en e ra l l in e a r  models p rocedure  
(GUM) th e  v a lu e s  o f iy, S> v> Ao» Ai and A2 were a l t e r e d  around 
th e  c a lc u la te d  values to  o b ta in  th e  c o r r e la t io n  w ith  th e  in p u t 
v a r ia b le  Ac fo r  th e  whole pH range. These 'guestim ate*  values 
o f Ao> A i and A2 were c a lc u la te d  fo r  a  number o f  w avelengths and 
used subsequen tly  by th e  main program WESTSAS.
WESTSAS: With the  in p u t v a lu es  o f th e  d a ta  m a trix  and b e s t guesses
a t  Ao> Ai  and A2 th is  p ro g ra n s ta r te d  w ith  th e  v a lu es  guessed fo r  
Ki and K2 e a r l i e r  and i t e r a t e d  them over two o rd e rs  o f m agnitude 
in  both d i r e c t io n s  in  a n o n - lin e a r  l e a s t  squares g r id  search to  
o b ta in  th e  b e s t  f i t  w ith  th e  in p u t v a r ia b le .A t . When th is  subrou­
t in e  was f in is h e d  ano ther n o n - lin e a r  l e a s t  square i t e r a t i v e
sea rch  procedure (Gauss-Newton) took over and th e  f in a l  b e s t 
v a lu e s  were c a lc u la te d .  T his procedure was rep ea ted  fo r  s e v e ra l 
w avelengths to  check th e  confidence l im its  o f  th e  d a ta  and a le r te d  
th e  programmer i f  th e  confidence l im i t  f e l l  below 95$»
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APPENDIX IV 
GLOSSARY OF ABBREVIATIONS
ACS American Chemical S ocie ty
ADC Analog to  D ig i ta l  C onverter
AIHA American I n d u s t r ia l  Hygiene A sso c ia tio n
APCA A ir P o llu t io n  C on tro l A sso c ia tio n
APHA American P u b lic  H ealth  A sso c ia tio n
ASTM American S o c ie ty  fo r  T e s tin g  and M a te ria ls
AWWA American Water Works A sso c ia tio n
^sp L igh t S c a t te r in g  C o e ff ic ie n t
CHESS Community H ealth  Environm ental S u rv e illa n c e  System
CMR Carbon M agnetic Resonance Spectroscopy
DME Dropping Mercury E lec tro d e
DSC D if f e r e n t ia l  Scanning C alo rim etry
DTPA D ie th y len e  Triam ine P e n ta a c e tlc  Acid
EDTA E thylene Diamine T e tra a c e t ic  Acid
EPA See USEPA
ESCA E le c tro n  Spectroscopy fo r  Chemical A nalysis
EVI Extreme Value Index
FPD Flame P hotom etric  D e tec to r
FTIR F o u r ie r  Transform  I n f r a  Red Spectroscopy
GLM G eneral L inear Models procedure
GM G eneral Motors C oporation
HGA Heated G raphite  Atom izer
ILAMS In fra re d  L aser Atm ospheric M onitoring System
3X2
IBM
IR
LC50
LOD
LPIR
LSU/SNCC
MAC
MAQI
MCAA
MMD
NAPCA
NMR
NOx
ORAQI
OSHA
PAN
PAR
PDA
PDA-
PFR
PIXE
PMR
PTFE
RH
RRS
In te rn a t io n a l  B usiness Machines C orporation  
I n f r a  Red
C on cen tra tio n  L e th a l to  50$ o f T est Species
L im it o f D etec tion
Long P ath  In f r a  Red Spectroscopy
L o u isian a  S ta te  U n iv e rs ity  Systems Network Computer 
C enter
Maximum A llowable C o n cen tra tio n  
M itre  A ir Q u a lity  Index 
Mono Chloro A cetic  Acid 
Mass Median Diameter
N a tio n a l A ir P o llu t io n  C o n tro l A d m in istra tio n
N uclear M agnetic Resonance
Oxides o f  N itrogen
Oak Ridge A ir Q u a lity  Index
O ccupational S afe ty  and H ealth  A d m in is tra tio n
Peroxy A cety l N i t r i t e s
I |-(2 -P y rid y l Azo) R eso rc in o l
2-amino perim id ine
2 -P erim id in y l ammonium
Pulmonary Flow R es is tan ce
Photon Induced X-Ray Em ission
P ro ton  M agnetic Resonance Spectroscopy
Poly  T e tra  F luoro  E thy lene
R e la tiv e  Humidity
Remote Raman System
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SAE
SCE
SD
SEM
S0X
SPADNS
TLV
TSM
TSS
TTL
UK
UN
USDHEW
USEPA
USSR
UV
VDI
WHO
WPCF
XPES
XRFA
Society  o£ Automotive Engineers 
S a tu ra ted  Calomel E lec tro d e  
Standard D eviation  
Scanning E lec tro n  M icroprobe 
Oxides o f S u lfu r
3 -(p -su lfo p h en y lazo ) Chromotropic acid
Threshold Limit Value
T o ta l S u lfu r M onitor
T o ta l Soluble S u lfa te
T r a n s i s t o r  T r a n s i s t o r  Logic
U n i te d  Kingdom
U n ite d  N a t io n s
U. S. Department o f H ea lth , Education and W elfare 
U. S. Environm ental P ro te c tio n  Agency 
Union o f Soviet S o c ia l i s t  R epublics 
U l t r a -v io le t
V erein D eutscher Ing en ieu rs  (Union of German 
Engineers)
World H ealth  O rganization  
Water P o llu tio n  C ontro l F ed era tio n  
X-Ray Photo E lec tro n  Spectroscopy 
X-Ray F luorescence A nalysis
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